ee Ne 
Sans 


rene 


eee 
we Dene 


Cee 
ew 


bs lb ln ss 
eet 
ON: 
eee re 
¥ ees 


; ees 
s 

S AG: 

eke 6 


my ees 
ee se eae es 
Meeseneaececececits 
LPS PO Pe 
MaSceas aces 


> Neh 


ia, 
Lete 


‘<4 SF 
Aeseseses 


iy 
esas 


. Phy 
Sates 
7; 

ests 


oe 


ee 


este 
Aes 
aagks 


> 


S 
eae 


$ 


Seesese 
eke 
ie 


eA 


ee 


ines 
Severe. 
sche % 


er enesese 


ees 
es 

Ses 

SES 


See ? 
ase 
ec 
SERRE? 
tz 


SES 
Keeretettes 
es 


vs 


mS KES 
SID ONS 


Beseses 
RM eek tere teeta 
SeAeseetee ts 

Reese 


ects 


KA 
x Rts A Ok ON oa 
RSS AE tint eters 
aot tote 


ee 


> 


eS 


ee 


oe 
<4 
, 


aes 
RGEC 
sata) tas 
beset 


. 
SSeS 


Eareat es 
Ue: 
eects 


sake hee, 


Riseseses 
SsesecheseeseiastSee 
KE 
$4 
ee 
nes 


end 


peer tees 
ss 


wiatererarere? 
Sere SeSetene sen 
by SREaA Seas 
ease < 


Sesesecees 
eescheke 
Sees 


aiahats 
esteeees 


eX Ses 
ee 


AN > 
PPR OMS 
eS atanahetecase 


& 
Bae SR eres 
so bebehy beh 


veseetes SECC , 
SpE ERIS Rate pa es 
ese sche SESSEs eee eseee 


5 
$9.9 : 
She Nees 
Siete B rss 


i 
> Peper 
SPP eM bens beoe 


Sete 
Mesecense 
Posebchebeh 


SPUD 
ete 
es 


, 
Oe. 
SC 
o LPP 
phigh eis 


- 
Pye 
OE 
ESSE. 


AGE 
Rte Se ase 
seth C43 
SCM PP, 
igtetet ee Nae: 
sets : 
Pa Ny 


2 Ke i SEN aoe 9 
eS Dh WR ECLG eke 


Farahnrerprerars hrs teh ha 
saacaaananaut 
IE Reheh ceca eset eater 


* 

DELP Srat Para ree tahareh Bap 

‘ AeSereesetese ieee 
SP SM OSAO BARS 


* 
eictesetetescie 

ee Pah Par ae 

Re beby baba bes 

BS esesesekchenale 

Iecatet ete 

(Z SC Gt 

bo pepe “ ecese Rese Secesenete ‘ 
) CROs, 

Seppe nat see? eRcoR ens ese 
AS ecsastasesescseseic Ce henee é 
; sseteses pee eset 

s ope iesesesehe 


.S ate 


i 
CCR 
Sete 
ake 


Parse ota! 
se 
; cS 

pppbesres > ase 
BOP Pep or aLb sabe < S she 
ess . 
eseSesese 


Brees 
SSDS PDE Deby Deb Da dao bapehuynesraes 
Sates etek Ses ehek escheses Resse 
Seek 
Saas 


2 


», CAS, 


; Se seseseke 

ake para SES ease as ES, 
REELS sess 
SEES Bek eit re 


DEO OU Ge 

Scar edeeee de 
m , PPh 
OCU ete 
Pros oa Pah 


* 
SES 
SACO RT Lah Ps PRP Ds PPA 
BEOUCCOCCCOCOCEE EY 
ai cece sauceneiaat 
i esese een 
dienes aciteitsiec 
Saathenuaenoens 


3 
5 
. 


SOS 


Rees ie 
Seb ba 
SeeaSeSeheseeehes 


ef 
oe 
roe 
ssi 


POPP re 
ue 


See 
sian 


t) 


1%, 


Ke 


he 


Nese 


Nese 


sete eae 
he ‘ he 
oe ‘ ees “4 ag 
>) 
> 


UOCEOE SESESE SE RSE SE 
PPP NRO as Recess 


Cease sciesseiet 
DOPSE OP DE RPE PES Sr Ore 
Reece on 


4 
thts 
ee 


x 


. $ 
S és Si 
esesecesena se 

SRSA 


ies 
aSesesesccones 
a ts 


Ps 


PLP PDs 
SEMIS 


Pepa! 
sie 
Pah 


M45 
Prorn 


ie 
ee 


, a 
Bice 
3 ‘ erecta 
Ses ese' 
3; 


SOE 
Ree RR 
ae dit ities 


: ES; ™? 
eeeanees 
Aer eS etese 
sat 


oe 
S 
erp) 


z 
i 

bape, 

se 


BEG 
i peepee 


as ae 
Se 


eens 


= 


x 


iene 

ORO 

LT Ly : * — 
Kotte 


oh 


eee 


a2 
Rex 
< 


os 
rene Pa te 
SES 


aoe 


SS 


Le 


ce 
= 
a 


<3 


oS 


> ES Se 
See 
Nig te, 
eee 


TPs 


NaSeea Sc seSehata sa ech cGoes Sane s et Ok SEE DEO APS PEPPERS MO PPPs ors? baseiceese tanger, 
PEMOPPED RETR ATA TDEODS ERPS PS OS OPS PUTED Caras rE CERDPSDLD OED PLAEDD MDL LM PEDLR PSOL REPL BOE 

FPP Nh Da Pe MRR: Nae SENET esa 885: q ws ESCs ; 

2 Res PPh pane heen aieseienene pring? Bae eee eeeeae ph 


A Ai 
8 Aaah i 

Sl 
paper 


SASS me 
CHR 


etetneete 


SY. 
mee a 
LPR 


roe yr ry 


aA 


tn Ad 


areas 


7 


a 
eee 
eS 
Cah ah ao 
a a a ag 
a 
v 


is opty 


oe we Cetera tote 
Acie 
Coe 


we 


Porayatabstetstatson 

paPene rhea 

propor ¥ 
‘ aah che 


RG 
ae 


se 


x 
Kate Aaa e ees Me 


CSS 


Piette te 


S258 
MAM YOUNG UNIVERSITY 


PROVO, UTAH 


vane ay 
YO 


SUPPLEMENT TO MELLOR’S 
COMPREHENSIVE TREATISE ON 
INORGANIC AND THEORETICAL CHEMISTRY 


VOLUME V 


PART A: BORON-OXYGEN COMPOUNDS 


A COMPREHENSIVE TREATISE ON 


INORGANIC 
By J 


Vol. I. 
Vol. Il. 
Vol. Ill. 
Vol. IV. 


Vol. V. 


Vol. VI. 
Vol. VII. 


Vol. VIII. 
Vol. IX. 
Vol. X. 
Vol. XI. 

Vol. XII. 

Vol. XIII. 

Vol. XIV. 

Vol. XV. 

Vol. XVI. 


Vol. Il. 


Vol. V. 
Vol. VIII. 


AND THEORETICAL CHEMISTRY 


. W. Mellor, D.Sc., F.R.S. | 


H,. 0, 

F, Cl, Br, I, Li, Na, K, Rb, Cs. 

Cu, Ag, Au, Ca, Sr, Ba. 

Ra and Ac Families, Be, Mg, Zn, 
Cd, Hg. 

B, Al, Ga, In, Tl, Sc, Ce and Rare 
Earth Metals, C (Part I). 

C (Part II), Si, Silicates. 

Ti, Zr, Hf, Th, Ge, Sn, Pb, Inert 
Gases. 

NyP: 

As, Sb, Bi, V, Nb, Ta. 

S, Se. 

Te, Cr, Mo, W. 

U, Mn, Ma, Re, Fe (Part I). 

Fe (Part Il). 

Fe (Part III), Co. 

Ni, Ru, Rh, Pd, Os, Ir. 

Pt and general index. 


SUPPLEMENTS 


Supp. I. Fy. Cl, Breve cng: 
Supp. II. Li, Na. 
Supp. III. K, Rb, Cs, Fr. 


Parts A-C. B. 


Supp. I. N (Part I). 
Supp. II. N (Part Ill). 
Supp. Ill. P. 


BIUIOJ ED “UOIOg je A1sUYor yUooelpe pue UI 9}¥I10q WUNIPOs js¥dUSdO UONBIOdIOD [eOIWYD 3? xXeIOg *S*q]—"sOaIASILINOY.J 


Nol. S Supplement to 
S uPPr y, 
rh MELLOR’S COMPREHENSIVE 


TREATISE ON 


INORGANIC 
AND THEORETICAL 
CHEMISTRY 


Prepared under the direction 


of an Editorial Board 


VOLUME V 


Boron 


Part A: Boron—Oxygen Compounds 


.. LONGMAN 


a London and New York 


Longman Group Limited London 


Associated companies, branches and representatives 
throughout the world 


Published in the United States of America 
by Longman Inc., New York 


© Longman Group Ltd 1980 


All rights reserved. No part of this publication 

may be reproduced, stored in a retrieval system, 

or transmitted in any form or by any means, 

electronic, mechanical, photocopying, recording, 

or otherwise, without the prior permission of 
the Copyright owner. 


First published 1980 


British Library Cataloguing in Publication Data 


Mellor, Joseph William, 
A comprehensive treatise on inorganic and 
theoretical chemistry 
Vol. 5. Supplement 1. Part A: Boron 
1, Chemistry, Inorganic 
I. Title 


546 QD151.2 79-40444 


ISBN 0-582-46277-0 


waGreat Britain by 


RA? T ted Li pgrpeccles and London 


PREFACE 


IN general plan, this Supplement follows the one previously published (Volume VIII, 
Supplement III, Phosphorus), except that for reasons arising from bulk of material and 
convenience of publication the present volume is divided into three separate parts, of 
which this (Part A) is the first. The Supplement as a whole reflects the rapid and very 
interesting development of boron chemisty and the related industry since the Second 
World War. This development is briefly reviewed in the Introduction, which also 
describes the general arrangement of the three parts. 

The publishers have been fortunate in securing the services of a specialist Editor, 
Professor Raymond Thompson, Research Director of Borax Holdings Limited, to aid 
the planning and preparation. Professor Thompson’s close acquaintance with all 
branches of boron chemistry during much of its rapid growth has greatly helped 
towards a discriminating presentation of the large volume of published material. 
The onerous task of editing this Supplement has been helped by the efficient and 
conscientious work of Miss Bobbi Gouge of Longman, and her contribution to this 
volume is gratefully acknowledged. 

Efforts have been made to include the most up-to-date material available, although 
there are slightly different (and indicated) cut-off dates for each Section, as is inevitable 
with a multi-author treatise covering fields progressing at different rates. Following 
the precedent established in the Phosphorus Supplement, the Editors have not hesitated 
to include sections on certain appropriate fields of organic boron chemistry, although 
no attempt has been made to introduce a systematic treatment of organoboron com- 
pounds. 
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electromotive force CAITR i 
foot, feet ft 
freezing point fip. 
gram-s (with a numeral) g 
hour-s (with a numeral) hr 
inch-es in. 
kilogram-s kg 
kilowatt-s kW 
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milliampére-s mA 
millilitre-s ml 
millivolt-s mV 
minute-s min 
molecular weight mol. wt 
parts per million p.p.m. 
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INORGANIC BORON CHEMISTRY: 
AN INTRODUCTION AND BACKGROUND 


BY RAYMOND THOMPSON 


The inorganic chemistry of boron and its compounds has been the subject of so 
much attention since the original Volume V of this Treatise was published in 1924 
that an entire supplement is now required to cover it. As in other fields of chemistry, 
most of the information explosion of published papers and patents -has occurred 
since the end of World War II. Greater impetus was given to progress in boron 
chemistry because of the potential military requirements for certain classes of com- 
pounds, which caused more funds to be allocated for research at the universities, 
in government laboratories and in industry. As a consequence there has been a 
considerable condensing of the usual time-scale for chemical discovery. This effect 
is particularly pronounced with the element itself and in the cases of the boron 
hydrides (boranes) and of the refractory binary compounds formed with most 
metals and metalloids; and only slightly less so with the boron halides and the 
alkali-metal borohydrides (or hydroborates) used as intermediates in many prepara- 
tions of reduced boron compounds. Paradoxically, all of this effort has had little 
effect or influence on the main boron products industry, in which well over 99% 
of production tonnage (and probably a similar proportion of sales value) is ac- 
counted for by boric acid and its simple inorganic salts, notably borax.’ Not sur- 
prisingly, relatively few of the publications have dealt with this aspect; the field is 
somewhat less interesting academically and it is not unusual for an industry not to 
reveal its secrets in print, although some useful review articles have been published.?-# 
It is important that students new to the subject keep the interesting chemistry and 
the more mundane practical aspect in balanced perspective.* 

In this Supplement, which is divided into three separately issued Parts, the pub- 
lishers have endeavoured to cover the field as a whole by inviting specialist authors 
from the universities and the manufacturing industry to contribute upon the aspects 
they know best. The sequence of treatment is broadly the same as in the original 
volume, beginning logically in Part A with occurrence and mineralogy then dealing 
with the oxygenated compounds, the boron oxides, acids, salts and esters. Part B is 
devoted to the reduced state and largely covalent compounds containing boron- 
hydrogen or boron—halogen bonds: the halides, pseudo-halides, hydrides, hydro- 
borates and carboranes. There is also a section describing boron-sulphur and related 
compounds. The element itself and its refractory binary compounds with carbon, 
silicon, nitrogen, phosphorus and most metals are dealt with in Part C. Any sub- 
division of so wide but inter-related an area of chemistry as that of boron and its 
compounds must to some extent be arbitrary, but the editors believe that the system 
adopted here is most likely to cater for the needs of both academic and industrial 
workers in the various fields. It is impossible in any multi-author treatise to ensure 
that each contribution is similarly up-to-date. Completion dates range from 1968 to 
1978 but, where possible, significant new references have been added at proof stage 
to the earlier contributions. Each Section carries a note at the foot of the 
opening page on the effective cut-off date for the literature search for that contri- 
bution. 

The mineralogy of boron sources was well understood at the time of the original 
Treatise and although many new minerals have been discovered since, they are of 
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minor occurrence and none has achieved commercial significance. The most im- 
portant discovery, that of a massive deposit of sodium borates in the Mojave 
Desert of California, was, however, made at about the same time as the original 
Treatise was published. The era of the research reported in this Supplement thus 
coincides with this deposit becoming the principal world source of boron chemi- 
cals..~-? The producer industry has in these years been dominated largely by the 
RTZ Borax (formerly Borax (Holdings) Limited) group of companies, whose major 
subsidiary, U.S. Borax & Chemical Corporation, owns and operates the large open- 
cast sodium borate mine and adjacent refinery at Boron, California (Frontispiece); 
RTZ Borax controls a similar although much smaller operation in Argentina and 
was involved in colemanite mining in Turkey. These three geographical loca- 
tions are the only known places in the world where rich sodium and calcium 
borate minerals occur, although there are some workable borate ores in parts of 
Russia and Asia. Second in commercial importance to tincal, NazBsO7,10H2O, the 
water-soluble native borax, in solid deposits is the water-insoluble colemanite, 
Caz2Bg011,5H2O. Turkey is the main producer, although there is currently something 
of a renaissance of colemanite mining in California—where the modern-world 
borate industry began with it a century ago. The fumaroles of Tuscany, volcanic 
steam jets containing vaporized boric acid, and often mentioned as a boron source 
in inorganic chemistry textbooks, are no longer of industrial. significance. By con- 
trast, lake brines, another somewhat traditional source, are still very important and 
those of Searle’s Lake (also in California) are extracted on an extensive scale using 
highly developed technology by the other major borate refining company, Kerr-— 
McGee Corporation, in a division which was formerly American Potash and Chemical 
Corporation.? Boron always occurs in fully oxygenated compounds, never as the 
sulphide or the free element. 

The solid ores are invariably won by solid state mining, open-cast methods now 
being used for sodium borate and conventional underground methods for most of 
the colemanite.* Prior to the working of the California sodium borate deposit 
(where underground methods were employed for the thirty years up to 1957), borax 
was obtained either by alkaline decomposition of colemanite or from lake brines. 
Practically none is now made from colemanite (although some sodium perborate is 
manufactured via this route). Until the 1973 energy crisis a rising proportion of borax 
was dehydrated completely by fusion, but the trend subsequently has been towards 
crystallizing the pentahydrate as major product. Boric acid is almost invariably 
produced industrially by decomposing the partially or fully refined sodium salt, or the 
upgraded calcium ore, with sulphuric acid. It is similarly dehydrated to boric oxide by 
fusion on a large scale. The production interrelationships of the major bulk pro- 
ducts of the industry are shown in Fig. 1.1 The mineralogy, mining and production 
of borax, boric acid and the alkali metal borates are dealt with in greater detail 
later in this volume. Borates of other metals, which are extensive in range but are 
little used, and sodium perborate, which conversely is produced on a vast scale and is 
one of the major outlets for borax, are also treated fully in separate sections. 

It is probable that no other element whose simple salts find such widespread 
application is itself produced and used in the uncombined form in such insignificant 
quantities. The total world production of elemental boron is currently estimated 
to be only of the order of ten tons annually’, or possibly even less. Two properties 
account for most of such consumption as there is: the energetics and flame colour of 
its combustion, which make an impure form useful in flares and military pyro- 
technics; and the high stiffness-to-weight ratio of filaments obtained by chemical 
vapour deposition of a highly pure amorphous form on a suitable substrate used 
for the reinforcement of light metals and plastics, again primarily for military 
purposes. 

Much has been learned about the structure of the various isomorphs of the element 
in the course of the militarily inspired research of the past two decades. The same 
can be said of the metal borides and of boron carbide, nitride, silicide and phosphide. 
With the exception of the last two, the level of production is in aggregate some 
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two orders of magnitude greater than that of the free element and is growing. 
Boron carbide, a solid second only to diamond and cubic boron nitride in hardness, 
has long been employed as an abrasive. It is now also used as a source for boron 
trichloride and in the 1960s attracted interest as a ceramic armour material. It is 
produced by the carbothermic reduction of boric oxide. The refractory metal borides 
and boron alloys are of interest as structural materials for use in aggressive environ- 
ments and as metallurgical additives. Boron nitride occurs in two main forms: a 
compound of hexagonal graphitic structure which is relatively soft and finds use 
as a high-dielectric refractory, and the cubic form with structure, hardness and uses 
similar to those of diamond. 


Sodium borate ore Lake brine 


(tincal) (trona) 
(Na2B,07, 1 OH2 O) 


Fractional crystallization, 


eis with or without carbonation 
Borax Dehydration Anhydrous borax 
fe aS a eas, Sale ae SS 
(SH.O or 10H.O) (Na2B.407) 

Solvent 
extraction 
and 

Treatment Treatment with acidification 

with soda sulphuric acid 

ash 
Combined acidification 
and fusion 
Boric oxide 
(B203) 
Dehydration 
(fusion) 
Calcium borate ore Treatment with Boric acid 
(colemanite) : (H3BO3) 
(2Ca0,3B,03,5H.0) sulphuric acid 
Fic. 1 


Boron halides are reviewed in several Sections. The most important commercially 
is the trifluoride, b.p. — 101°C, which finds outlets in catalysis and, in the form of its 
alkali metal salts (the fluoroborates), as a plating-bath ingredient and metallurgical 
flux. It is the only boron trihalide made by low-temperature methods, being readily 
prepared by the action of sulphuric acid upon a mixture of a borate and a fluoride. 
Boron trichloride, b.p. 12°C, is made on a tonnage scale, primarily for the produc- 
tion of the boron filament referred to above; the favoured route is by the action of 
chlorine upon boron carbide. Both of these halides are highly reactive and their 
chemistry is well documented. The sub-halides and pseudo-halides are as yet of 
academic importance only, although both classes were studied extensively in the 
post-war search for thermally stable inorganic polymers. 

No area of boron chemistry has received so much attention as the boron hydrides, 
as even a glance at the respective sections of Part B will reveal. Supported 
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during the 1950s and 1960s by. large defence contracts, following the initial dis- 
coveries of Stock and co-workers®, and continued by many teams of academic 
chemists, boron hydride research has contributed a wealth of knowledge about a 
field analogous to and almost as vast as hydrocarbon chemistry. The military 
requirements which prompted the research were for a class of fuels of a higher 
energy than hydrocarbons for use in rocketry and aircraft propulsion. Much of 
the information developed in the post-war years, until the late 1950s, was con- 
sequently subject to security classification, which explains the subsequent surge 
of publications. These publications in turn had a stimulating effect upon academic 
workers, who were also helped by the availability of hitherto exotic starting mate- 
rials. So far as is known the boranes were never used militarily beyond test and 
experimental firings (although these were often on a large scale) and there is no 
significant industrial use for the materials. They are powerful reducing agents 
but the explosion hazard and their high mammalian toxicity preclude their adoption. 
On the other hand sodium hydroborate (or borohydride), a favoured borane pre- 
cursor, is fairly readily made and is safe to handle. It possesses selective reducing 
properties valuable in fields as diverse as the synthesis of fine organic chemicals and 
the bleaching of newsprint; but it is still too expensive to allow widespread use. 
The newest and one of the most interesting areas of the borane field is that of the 
carboranes, first described in the mid-1950s. They are essentially boron cage struc- 
tures into which carbon atoms, most usually two in number, have been interposed. 
At least one series of thermally stable polymers based on these compounds is avail- 
able commercially.* The subject is still advancing so rapidly that it has been neces- 
sary to add a further bibliography to the contributed carboranes section. 

Detailed accounts of the applications of those high-tonnage compounds (borax, 
boric acid and the like) which constitute the commercially important boron products 
industry are outside the scope of the present Treatise, but it is appropriate to indicate 
in broad terms the major uses. They are reviewed from time to time®’®, while specific 
papers from applied science journals, and the many patents, are covered by Chemical 
Abstracts. Industrial applications of boric acid and the common metal borates (in- 
cluding the up-graded minerals such as colemanite) derive largely from four properties: 
the glass-forming character of the boron-oxygen unit and its ability upon fusion to 
enter and modify a silicate network; the nature of borate ions in aqueous media and 
their counter-effect with cations such as sodium in producing solutions which display 
chemical buffering; the ability of sodium borate to form the appropriately-stable 
sodium perborate (of which some 600,000 tons are produced annually as a textile 
bleach®); and the general chemical behaviour of the )B-OH groups in a wide range 
of chemical and biological systems. Such properties render borates valuable, respect- 
ively, in the vitreous industries (glass, ceramic glazes, porcelain enamels); as water 
conditioners for domestic laundering (a major use in the U.S.A.) and numerous 
industrial processes; as a bleach which is an important ingredient of many packeted 
washing powders; and for a miscellany of uses both in manufacturing industry and in 
agriculture. 

In the glass and related industries, where the B.O3 is taken into vitreous solution, it 
is often immaterial which source is employed provided that the accompanying metal 
(if present) is qualitatively and quantitatively compatible with the formulation as a 
whole. Price in terms of usable BzO3 content is often the determining factor, with 
purity and degree of hydration influencing a premium where these criteria are of 
technical importance or convenience. For uses in aqueous solution, which are re- 
stricted to boric acid and the alkali metal or ammonium borates, the pH of resultant 
solution is often the deciding factor. For example, it is the mild alkalinity of a 
borax solution (pH=9-3 for a 4:7 per cent solution at 20°C) which renders it 
both effective as a detergent builder and acceptable to the user in domestic launder- 
ing. For uses in timber preservation (boric acid is toxic to many wood-boring 
insects) and in agriculture (where boron is a vital trace element for many crops), it is 
particularly fortunate that a mixture of borax and boric acid at a composition ap- 
proximating to Na20:4B.,0; is at the same time of substantially neutral pH and at a 
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point close to maximum aqueous solubility (9-5°% for 20 per cent solution at 20°C), 
much higher than either substance alone at the same temperature (4:72 per cent for 
boric acid, 4:71 per cent for borax decahydrate). Mixtures of borax and boric acid have 
long been known’ as fire retardants for wood products and other cellulosic materials, 
an application which in the year 1977 became the largest single use for boric acid.® 
Coincidentally, the same 1:4 ratio of Na2O:B2O3 is about the optimum for the dual 
functions of flameproofing and glowproofing. 

By far the largest chemical use for boric acid currently is in connection with organic 
syntheses. The most important of these, in tonnage terms, is in the petrochemical 
industry where it is employed to modify the course and selectivity of the liquid phase 
oxidation of cyclohexane by molecular oxygen to cyclohexanol and cyclohexanone, 
enabling a better yield of these co-intermediates for nylon production. A similar 
controlled oxidation of n-paraffins is employed in the production of biodegradable 
detergents. Boric acid is also used industrially in the production of quinalizarin from 
phthalic anhydride and chlorophenol, and in making salicylaldehyde from phenol and 
paraformaldehyde. 

An application for boron compounds which has little to do with their chemical 
properties is in the nuclear energy industry. The element boron has two isotopes, 
10B and 1B, the natural abundance of the lighter one being about 18-8°%. It is, in 
contrast with 11B, opaque to thermal neutrons (4000 barns) in contact with which it 
breaks down into lithium and an alpha-particle. Highly purified boric acid is used for 
pressurized water reactors and in cooling ponds, while boron carbide enriched with 
respect to ?°B,C is employed in control rods, shielding and the like. 

With so vast a subject as boron chemistry there have inevitably been many special- 
ist reviews of particular areas, some appearing individually and others collected 
into textbook or series volume form. Some contributors to the Supplement have 
indicated such reviews, either as more general reading for students or as related 
topics not altogether within the scope of the present Treatise. Several compilations 
are especially noteworthy. Those covering a number of fields include Borax to 
Boranes, edited by P. W. Gilles?; Boron, Metallo-Boron Compounds and Boranes, 
edited by R. M. Adams?°; The Chemistry of Boron and its Compounds, edited by 
E. L. Muetterties??; a recent inorganic chemistry reference work }2; a short simplified 
textbook by A. G. Massey and J. Kane?*; and a lengthy compilation by G. V. Sam- 
sonov and co-workers. !* The three volumes of the series Progress in Boron Chemistry, 
edited by R. J. Brotherton, A. L. McCloskey and H. Steinberg+®, contain review 
chapters covering topics similar to those in this Treatise. Organo-boron chemistry, 
not quite within the scope of the present work (although short contributions on boric 
acid esters and boronic and borinic acids have been included), is well reviewed by 
H. Steinberg and R. J. Brotherton’® whose scope covers nitrogen-containing organ- 
ic compounds. Boron—Nitrogen Compounds are also described in a book of this title by 
K. Niedenzu and J. W. Dawson?” and organic compounds more generally in The 
Organic Chemistry of Boron by W. Gerrard?® and in a review by K. Niedenzu. +° 

The boranes have been well reviewed in Boron Hydrides by W. N. Lipscomb”? ; 
Production of the Boranes and Related Research, edited by R. T. Holzmann”? ; 
Polyhedral Boranes by E. L. Muetterties and W. H. Knoth?? and in a collection of 
papers presented at a 1971 symposium.?* The chemistry of the element itself is 
well covered in the two symposia volumes, Boron, edited by Kohn, Nye and Gaulé”*, 
by A. E. Newkirk?°, J. G. Bower?® and by V. I. Matkovich.?” The chemistry and appli- 
cations of metal borides have been described by B. Post?®, V. I. Matkovich?’ and R. 
Thompson.29°° The role of boric oxide in glasses is well treated in a recent compilation, 
Borate Glasses, edited by L. D. Pye, V. D. Fréchette and N. J. Kreidl.*? 

The boron compounds supplement of Gmelin’s Handbook of Inorganic Chemistry 
was published during the later stages of preparation of the present Treatise.°? 
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THE MINERALS OF BORON 


BY RICHARD C. ERD 


U.S. Geological Survey, Menlo Park, California 


The minerals of boron are the naturally occurring compounds (fluoborates, boric 
acids, borates, compound borates, silicoborates and borosilicates) in which boron 
is an essential element and is consistently present in amounts of one weight percent, 
or more, of B2O3. By this definition there are about 150 minerals of boron known at 
present and most of these (92 species) have been described since the publication of 
the volume on boron (Mellor, V) in 1924. These minerals are listed here in a chemical 
arrangement and their more important crystallographical, physical and optical 
properties are tabulated below. 

Boron in natural minerals occurs in chemical combination with oxygen (rarely 
with fluorine) as simple or complex anions. The basic rules governing the nature of 
of the polyanions found in the fully hydrated borates were formulated by 
Christ 115749 P- 236 as follows: 


1. Boron will link either three oxygens to form a triangle or four oxygens to 
form a tetrahedron; 

2. Polynuclear anions are formed by corner sharing only of boron—oxygen 
triangles and tetrahedra in such a manner that a compact insular group of 
low to medium negative charge results; 

3. In the polyanions of hydrated borates, those oxygens not shared by two 
[or more (Clark+**)] borons always attach a proton and exist as hydroxyl 
groups; 

4. The insular groups may polymerize in various ways by splitting out water. 


A further principle was added by Clark ?°": 


5. The boric acid group, B(OH)3, may exist in isolated form in the presence of 
more complex polyanions, or such insular groups may themselves polymerize 
and attach as side chains to more complex polyanions. 


Predictions, based on these rules, as to the nature of polyanions from the chemical 
nature of a hydrated borate crystal have been confirmed through subsequent crystal- 
structure, NMR and infra-red studies 11+ 157: 144, 165, 166, 545,710,793 and others. 
These rules apply as well to the hydrated compound borates, silicoborates and boro- 
silicates, and they are the fundamental basis for modern crystallochemical classifi- 
cations of the boron minerals. 

The mechanism of boron substitution for silicon in silicates was discussed by 
Christ+1°; basically this consists of the replacement of an SiO, tetrahedron by a 
BO;OH tetrahedron. Under some conditions boron may proxy for tetrahedral 
aluminium, especially in the more disordered structures+?°, but such substitution 
is only partial in natural minerals.21® *5+ Heier2°° has suggested that 1°B may be 
present in the metamict beryllium-bearing borosilicates as a result of the radio- 
active decay of }°Be. Boron in three-fold coordination occurs only in four or five 
silicate minerals: dumortierite?’* #7° 5°°, grandidierite 2+ *7% °° ®49, harkerite ®1®°° 
and tourmaline.°?: #73 552:5°3 The rare mineral serendibite may have boron in 
three-fold coordination®°?; however, only tetrahedrally coordinated boron was 
noted in another study of the infra-red spectra of this mineral.°** Povarennykh®*® 
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suggested the name ‘boratosilicates’ for the double compounds of borate and 
silicate with boron in three-fold coordination. 

Boron in both three- and four-fold coordination has been found only in the 
silicoborates. The sole representatives of this class, which have a B:Si ratio greater 
than one, are the minerals garrelsite’°* and howlite. 29° 475-476 In the remaining 
borosilicates, which have B:Si less (usually much less) than one, boron is known 
only in four-fold coordination. Bakerite, the only borosilicate in which B:Si ap- 
proaches unity, probably also has tetrahedrally coordinated boron in common with 
the other members of the datolite group.??° 

Non-essential boron has been found in amounts exceeding one weight percent 
B2O3 in several minerals: as much as 4% B2O3 has been noted in idocrase (the 
variety known as viluite)°?; other values for boron in idocrase are reported in 
Table XXIII of Section A2—Boron Geochemistry, this Part; 3:2°, B203 was found 
in ettringite from Franklin, New Jersey*?°, but boron has not been reported in 
ettringite from other localities *** nor found to be an essential element in the various 
crystal-structure determinations of this mineral ®*: 159 482. 483; up to 1:6°% B2O3 has 
been noted in braunite?’® 175176. 407,700 byt only a few p.p.m. B have been detec- 
ted in other occurrences of this mineral.®!1 Manganese oxide minerals, other than 
braunite, generally have a very low content of boron.?’® 299 399 571a, 7578 Gadolin- 
ite, in which boron is non-essential and ranges from 0-05-4-98°% 512, is included in 
Table I (only) because of its relationship to the datolite group. On the other hand, 
kornerupine has been synthesized without boron®'?, but boron-free kornerupine 
has not been found as a natural mineral.?°* 24° A few silicates (painite, holtite, and 
hyalotekite) have quite low B contents and are so rare (each mineral has so far 
been found in a single occurrence) that their classification as borosilicates is tenta- 
tive. An extensive list of minerals containing trace amounts of non-essential boron 
was compiled by Harder.?”° 

Various classifications have been made of the minerals of boron and of their 
synthetic analogues. These schemes are based chiefly on arrangement by chemical 
composition?°: 298, $014,902, 328.398 .,384—6. 609, 629.927. by crystal-structure type 145.126. 
308, 980, 583,652, 664, 673,708 hy combined crystallochemical considerations 74: 564; 566 or 
by mineral paragenesis.2”": #57 In the Tables (I, II) below, the minerals of boron are 
arranged chemically into the major groups of fluoborates, boric acids, borates, 
borates with halogens, compound borates, silicoborates and borosilicates. The 
simple borates are further arranged, first, by their major cation in the order: Na, 
Na+ Ca, K, NH4, Be, Mg, Mg+ Ca, Ca, Ca+Sr, Sr, Al, Mn, Fe+ Mg, Sn and Ta; 
secondly, by increasing B2,O3:metal—oxide ratio; and finally, by increasing HO 
content. The borosilicates are also arranged by major (or most important) cation 
in the order: Li, Na, Ca, Ca+RE, Al, Ba and Pb. The simplified oxide formula 
for each mineral is given first followed by the structural formula where this is 
known from crystal-structure studies or has been postulated from other evidence. 
In general, the formule are schematic and ignore minor isomorphic substitution. 
The oxide formula weight and weight percent B.O3 are given for each mineral (for 
purpose of comparison the B content of the fluoborates is also reported as B2O3). 
The reported range of B2O3 is given for some minerals especially for those of com- 
plex compositions such as the borosilicates. 

Selected crystallographical, physical and optical properties of the boron minerals 
are given in Table II which follows the same chemical order as Table I. The crystal 
systems are abbreviated as follows: Triclinic (Tricl), Monoclinic (Monoc), Ortho- 
rhombic (Ortho), Hexagonal (Hexag), Rhombohedral (Rhomb), Tetragonal (Tetra), 
and Cubic. All rhombohedral cells are referred to hexagonal (trigonal) axes. Where 
the exact space group has not been determined, the symbol of the diffraction aspect ?®® 
has been used to denote a choice between two or more space groups. The unit cells 
have been re-oriented in some instances to a standard setting!®* and the space 
group and optical orientation for such minerals have been transformed accordingly. 
The number in parentheses is the estimated standard deviation referred to the last 
decimal place. The volume of the unit cell (indicated as V) is given in A’. The range 
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Fic. 1.—Sodium borate minerals 


(a) 

Tincal, native decahydrate borax 
Na2B.O7 : 10H,O 

(Boron, California) 


(b) 

Tincalconite, after borax 
Naz2B.07-5H20 

(Boron, California) 


(c) 

Kernite, native tetrahydrate borax 
Naz2B.07-4H20 

(Boron, California) 


(d) 
Tincal, run-of-mine ore 
(Boron, California) 


Fic. 2.—Calcium borate minerals 


(a) 

Colemanite, native calcium borate 
Ca2BsO11 ¢ SH2O0 

(Boron, California) 


(b) 

Colemanite, native calcium borate. 
Nodular ore, run-of-mine 
CazBsO11 : 5H.2O 

(Turkey) 


(c) 

Ulexite, native sodium—calcium borate. 
Nodular or ‘ cauliflower’ form 
NaeCae2Bi 900i : 16H.O 

(Boron, California) 


(d) 

Ulexite, native sodium-calcium borate. 
*Bunny-tail’ form 

NaeCazBi 0018 : 16H,O 

(Boron, California) 
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in value of a parameter reported for some minerals, or for some mineral series, is 
given for the minimal and maximal values of each parameter so that the correspond- 
ing unit-cell volumes represent presently known limiting values. In some cases (e.g. 
leucosphenite) these limits lead to unit-cell volumes that slightly exceed reported 
values.””° This is most noticeable in the borosilicate group of minerals where iso- 
morphous substitution is of more importance. 

The number of structural formule per unit cell (or of oxide formule per unit 
cell in a relatively few instances where the crystal structure has not been determined) 
is denoted by Z. Densities were calculated using the cell volumes and oxide formula 
weights (Table I) and take no account of substitution in formule except for end- 
members of a mineral series. Natural minerals and synthetic compounds are repre- 
sented by (n) or (Ss) respectively. Indexed X-ray powder data are indicated by an 
asterisk (*) followed by an ‘n’ or ‘s’ to indicate natural minerals or their synthetic 
equivalents; data for the latter are generally given where information for both were 
available. 

Optical properties given here are the optical group, indices of refraction, axial 
angle (2V), colour in transmitted light, optical orientation and dispersion. Pleo- 
chroic schemes are noted under colour. The optical orientation is not given for 
most of the triclinic minerals, but may be found in the references cited. The sign 
of the extinction angle is given as reported in the original reference; it is not always 
clear which convention has been followed by a particular author. Mineral hardness 
is given on the Mohs’ scale; values obtained by microindentation have been converted 
to this scale. 

The minerals of boron have been arranged in alphabetic order in Table III and 
may be quickly located in Table I (and then Table II) by using the generalized 
composition given for each mineral. A list of synonyms and varietal, obsolete, or 
misspelled names of the boron minerals has been compiled from various sources °°? 
301, 302, 380) 526, 527, 564-6, 652, 673,796,807 “and others, and is given as Table IV. Several 
misspelled names are given because many of them have appeared frequently as 
transliterations from Russian or Chinese literature (often passing into English 
through an intermediate translation from German as in the instance of hungchaoite). 
The preferred mineral name is capitalized in both of Tables III and IV. 

The occurrences of the geochemically important boron minerals may be found in 
Section A2—Boron Geochemistry (this Part). Other data on the minerals of boron 
are given in the following selected references. Most of the data for the follow- 
ing subjects consist of values too lengthy to tabulate here. The list of references is 
not exhaustive, but the more recent and more general papers have been chosen and 
most of these contain references to the earlier literature. 


Differential thermal analysis: 11, 53, 128, 218-23, 326, 335, 354, 361, 507, 
619, 680, 681 
Fluorescence (ultraviolet): 709, 755 
Fluorescence (infra-red): 34 
Spectra 
Optical absorption: 213, 226, 337, 551, tourmaline: 78, 227, 447, 
448, 577, 679, 695, 716, 756, 757, 763 
Infra-red (borates): 4, 7, 298, 314, 367, 416, 469-72, 474, 475, 476, 


505, 507, 552, 562, 563, 664, 685, 686, 689 
710-12, 742, 775 


Infra-red (borosilicates): 9, 36, 51, 260, 313, 343, 390, 475, 476, 552, 
553, 558, 560, 561, 563, 774, 775 

Raman: 44, 152, 281, 282, 496 

Nuclear magnetic resonance: 5, 64, 69, 84, 160-2, 298, 321, 375, 376, 404, 


405, 451, 478, 545, 546, 580, 597, 632, 633, 
706, 713, 721, 722, 740, 771 


Nuclear quadrupole resonance: 71, 758 
Electron paramagnetic resonance: 25, 54-60, 413, 508, 760 
Mossbauer: 8, 214, 445, 610, 662, 734, 745, 765 


Refs. p. 54 


‘TZ “BIZ 298 g :T “BI4 22 » 
999 bl-9P b7-061 [°0°%a]*3W ©0°d' O3WNZ o}ueNng 
b6S ‘6S pS-9€ ¢S-061 =[°oa]*3W ©O*d' O3WE 3}10}0 
€6r “O8P 80-71 b8-919 O°H“ [oR] *(HO)OS3W 0°H8°°O*d'O2WOI OPURLIIYSI 38N 
IL9 “pst ‘16 LUSv | 86-169 *(HO)”O''a*Iv"edso O°H7°O*d 11° O*1Vb' 0288028) ouZIpoyYy 
609 (acts IL-€7Z o°H [°Od](HO)*9d O°HE*O*d O°dr o}110QG 10g 
O£L ‘Sr9 OI-LE 89-L81 [°oa](HO)*9g 0*H’®O*d O°dr oISZIOQUIe HY og 
19 ‘Trl vI-OL 8L-88rI O°H?r'[®(HO)0% al] ®&C HN) O°H9T°O*dS 1 OF(VHNJE o}1OgoluOWUYy 
Z9P IL-€L P7-7LP 0°H '[°(HO)*0%d]*HN O*Hr’*O*ds'0°(7HN) oM[[oropiey | *HN 
I€L ‘€9p 9£-6S ZP-98S O*H7 [*(HO)°O%d] 4 O°H8°O*dsS ‘O° oynueg > 
ILS 78h (2) O°H9°O*A7Z1°°O2A NOMEN ‘8D)9 oyYOs eg BD 
orl 66th 0S-018 O*°HS'[°(HO)°O%a]2OeN O°H9I'°O*dS'O807'O°8N qeHXeT) 54 
L8¢ LS-6¢ OF-ZOL O°H¢E [*(HO)*O%d]2OeN O°HOI*O*dS'O807'O°2N aN IaqQOIg tN 
99L “ZET 86-85 b7-06S O*H¢e [*(HO)°O%aI]eN O*HOI°O*dS'O°8N d}1BIOQS 
S8L ‘OTE Of-LS | 0-8SrT O°HOT*[°(HO)*O° aI SWP!8N O°H77 O° 471 O38 W'O°8NE O}APPPATY 
O18 99-6¢ 91-00 0°H °O°d9'O8W'O2%8N OUIVIEISIIV 
C18 ‘61 16-09 06-7VE [?(HO)®OfaleN O°Hr°O*de'O°2N oUIYsoULYy 
OP ‘OTE 07-85 91-866 O*H7 [®(HO)*0°%a)28@N O°HL'°O* ds 'O°2NZ opIINIZY 
= PIS ‘LIZ 
S “O€I “6ZI 76-19 vI-Z9¢ O*H7 [(HO)®O%a]°eN O°HS*°O*ds'O°8NZ O}IUISeN, 
& 608 ‘I€-6ZI 91-99 IT-97¢ O°H7[?(HO)?'O° a] ’e&N O*HE 07S 'O°8NZ o}oonsuLg 
L8v “997 IS-9€ SE-T8E 0°H8'[*(HO)°0"]2®N O°HOI°O*d7'O7%8N pXblog 
68L “SPS 08-Lt O£-167Z O*H¢E [*(HO)°0"a]2e&N O°HS*°0*d7'O°8N poUOd|VoUl 
P6L ‘897 
“OST “LZI $6:0S 8Z-€L7Z O°HE [7(HO)°O"al°eN O°Ht°O*d7'0°8N peulay @N 
$9} v10gG 
LTL ‘St br-6L 79-L8 (HO)Od (4)07H'*O*d | (pice ol10qe}0u) 
dHIOQGeIOI 
808 67-96 L9-€71 ®(HO)d O°HE *O%d | (ploe d110qoy}0) 
O}ITOSSeS 
Ply dN0g 
IST “68 $9-LZ 16-S7I [?tal(so “MD *Fa(so “MD OIPPZOAY >I 
ETL ‘06 OL:IE€ 6L-601 [?4a]eN *IGen a}90NIII{ @N 
$9} B10gGON[ 
(asuei JY4SIOM 
powodal) | (°% 1M) eINUIIOJ woes 
DOUIIIJOY £0°a% £0°q opixo RINWIOJ yeINjoONIS PINWIOJ IPIxO ‘[BIOUTAL lofeyw 
co) 
se 


ApoonMay) pasuvsiv uosdog fo sjosauly a4 [—'] 2]/qv], 


Refs. p. 54 


11 


The Minerals of Boron 


‘Z “BI 908 | 


BSE “STI 


LSE ‘PST ‘OIZ 
6SP “8S 
69€ 

ySe “691 

LI8 “78L 

“€79 “Ebb 
EEL “BPS “007 
L8L “Iby 


€79 “6EP 


VIUIIOJOY 


O°HS *O*de'0RD 
O°Hb*O*de' ORD 
O°HE*O*dE'OUS “&D) 
O°HET°O°AE OPDZ 
O°HL*°O*AE'OROZ 
O°HS °O°AE'OROZ 
O°H O° 'ORDZ 
O°H07'*O*dS'OP8Or 
O°HL°O*ds OPP 

(2) O°HE*O*AS OPOF 


O°HS *O*8'O8D 

(J) O?Hv'®O*4' ORO 
O°H8 °O°d£'OROE 
0°H7'°O*4'O2D 
0°H7°O*4' ORD 

0°H °O*d-08)D 

(ID ®0*a’°OR8)D 
O°H6°O*d7' OFOE 

(2) O°H'®O*A'OPDZ 
O°HOE £O*AZ1'O3W'OROS 
£0*q9 OUW ' O3WS'ORD9 
O*HIT°O*de O38 WORD 
0°H9°O*d£'O3W' ORO 
O°HSI°°O°d9'O3WZ 
O°HS °O*de'O3W 
O°H61'°O°d7Z1 O8Nt' 0? 
0°H6°O*d7'O3W 

O°HS °O°*db' O3NZ 
0°H6 °O*dA IT’ O3N9 
O°HSI'°O*de'O3 NZ 
O°HS1'°O*d£'O3 NZ 
O°H¢E *O*4'O3W 
0°H*°O*d'O2WNZ 


dIIOMODH 
S}I9/QON 

OT YSAOP[OA 
oHOAUT 
dIOoyIsAaJ 
Loyuewslog 
oyuRiqey 
d}1Y9S}I9], 
DIDI g 
dTYS}OIAL 


sHIOQOIpAYyRUsg 
OHAO]OLY 
DHAOJUOJIN, 
OVISWUTA 
oIOG eI 
d}LYSUIYZIOY 
dIOQII]VD 
oyAysueys[oO 
STISIIQIS 
OUYUISpIe AMA 
SHAOJYIIN 
dHIOQIOpUT 
sHOeIOGOIPAPL 
OHIDISTT[VOPY 
oesyV 
sHIOgIey 
oyoeyosuny 
onsIN[eY 

OT YSUSYZPIQOIIg 
SHAOYRUINY 
d}IOpuy 
oyOUUITg 
SAJIQIeZS 


120) 


3W 


__—_— | | | | eee 


| 

€8-8¢ ZO-SSE o*He [°(HO)d (HO)*O%a] 29 
86:19 00-LEE oO*HE [*(HO)PO°%al2O 

¢-$9-0-LS 8r-59 | r06-8IE 
79-LE €7-SSS O*Hr [S(HO)©O%aleD 
IL-9P €L-Ler o*H'[S(HO)°O*%aleo 
18-0 OL-lIp o*H'[&(HO)*0% ale 
09-19 p0-6€€ [(HO)°0%a] 2D 
ZE-LE PL-7£6 
€8-6P €S-869 
LS-S¢ Lv-979 (¢) [*(HO)®°O%a](HO)280 
97-ZE 8L-SIZ 0°H7 1°(HO)O%a)89 
O7-SE 9L-L61 *[*(HO)AI 20 
L0-0F €7-17S O°H771°(HO)*O% al £29 
SO-€F €L-191 [*(HO)*0%a)] 29 
CO-EP €L:191 [*(HO)*0*%a] 29 
pr-8P ZL-€v1 
6E-SS OL:STI [’o*%a]eD 
69-67 79-697 *[°(HO)a]*(HO)f8D 
C8-bE 08-661 
76h | £9-969I 
69:0F | 69-9Z0I *[SO* a] UN S3IP8D 
6b- IP EP-€0S O°H9*[S(HO)°O*al]3W2D 
€S-0S CE-EIP O°HE*[%(HO)*O*al3WeO 
CE-PS 8S-89L 0°H671°(HO)*0°a]*3W 
LS-19 S7-6E£ O°H7 [°(HO)*0°al]3W 
67:85 SI-€erl O°H?r’*[S(HO)®0°a]°3W MH 
¢L-OF 69: IPE 0°H9'[°(HO)*O"al3W 
00-79 81-6rb 
9-59 | 78-69IT 0°H [9(HO)*'O" a] *3W 
TELE ZL-6SS O°Hs [S(HO)°O%al]3W 
TELE ZL-6SS oO*Hs [S(HO)°O%al]3W 
OP-7P 86-€91 [(HO)O*a]3W 
SE-IP 97-891 [((HO)*0*%4](HO)*3W 

(osuel YSIOM 
poyrodeal) | (% “1M) RINWIO;J 
®o*a% £0°¢ oplxo B]NWIOJ [eInjonNS 


e[NWIOJ OplxO 


[edu 


uolyed 
Jofe;w 


(panuijuod)—'] 2/qD], 


Refs. p. 54 


LIS 16-7 | €h-8E8 O°HET- [207A] 10" 1V72N O°HEI°O*dE°O71VZ 1IO®NZ ION oHTOUNeS 


esl LS-61 89-SEE [(HO)AIOND O*H?°O*a 71029 'OND onyApueg 
THe ‘IZ ZL1Z vS-O7E [*(HO)a]IOz8N O°H?°O*8 IOBNZ'O28N oyo[doo] 
suaso[epy Y}IM So}ei0g 
88P 19-€1 sIS-11S [7Od](QN “2L) £0°q"°07(GN ‘®L) syIa1yog el 
67L “107 61-S7 6£-9L7 *[foalused £0*q'7OUS'ORD SUIP[OrysUSpION us 
918 ST-€1 S187 [°O8]°O + c9Ad7IN ®Q*%g"£Q224OINP d1IpIosoRUOg IN 
0c-€1 
6SE ‘6ET —€S-6 [°oa]2OC.4 sUS ‘4 9A)*(BW ° +22) ®9*q'®O*(US 284) OW ‘PA)P ouIS[IN 
SOL “O8P 91-91 
“6Lb “677 ‘9 -8E-Z1 Lv-El} al L-9IS [°Od)°O + PH 2BW ‘+ 294) ®0*'°O°24 OW ‘adr o}1U9SUO A, 
OSE L0-61 [Som ]FOBW “WL * + c29d)*(4. 2° “SI) ©0*a'°O2(8W “LL ‘84)'OCA “8W)P svoidozy BIN 
SOL 6C-81 
“O8r “6Lb ‘9 —00-r1 €8-LI | p9S-06€ [°oa)O + 094°C, 29d “3W) £9%q°*O724' OA ‘8W)P sUSIMpN] » 
899 “€6 bL-STZ oS P-OL7 *[°oa]*OrL’(. 224 “BWN) £9*q *OLL O24 “SWE SITYOIMIe MA, oq 
90Z o}e10qg ssouRsURLL (,.X [eIoUTPy ,) 
]eIoUIW poueUuUy 
€6L ‘T6L ‘Teh EI-1€ ate-Ley [*(HO)‘O'al*(HO)*GW ‘UN)FeD O*7HE°O*d7' OBW ‘UW)Z’OROZ o119MO"Y 
SES “88 €€-0€ 7S-677 [(HO)°O*a](HO)*UW 0*H'*O*4'OUNT a}Ixessng 
5 €6S $9-b7 | ph-Z8Z 2[°oa]°un £O*g'QUNE ayoquitg 
5 €L9 ‘907 88-LT Ip-68€ [°0%al’(HO)*UW 0°H7*O*d OUNY OUIOSTM, 
mg OLS 09-91 9€-6I1P [°oa]?O + UN (424 “S) £9*%q'*O*UW OUW'O3WE oy]oryeurdoyO 
899 09-91 9€-61P [°od]*°O+ UN. cUW “SI) | | £0°a SO*UW OUW OWE oHOTYeUlg uW 
PLS “SLZ €€-ve | I16-€101 [*(HO)**O%a] IV O°H¢E°07d5°°O21V9 ayraofauraiar 
S% 19-LZ 07-7SZ Poaliv3w £0*'°O*1V O3NZ ouTeYyUTS 
LOL “L7E 8€-6b 86:77P [-o°a]IVeD £O°de °O"1V O807 ojopryseyor IV 
vrl Te-vs vS-V8E o*H¢ [*(HO)°O°alss O°Hv'*O*de' OS oy ouNnL 
68S ‘88S “LSZ 79-86 Ip-90€1 0°H *(HO)d *[(HO)°O 441748 ~  OFHL*O* ATT O1Sh oy1Yyo}eaA-d 
OST “6rl 79-85 Iv-90€1 0°H'*(HO)d*1(HO)?0%4]*4S O°HL*O* AIT O1Sh OHYOEIA, Is 
O9€ 09-19 LI-T6L O*HS [°(HO)*0* a] 21S O°H8°°O*d4L'O8D'OIS sIOUIZONUOIIS 
E18 ‘97P ‘TSE 09-99 €l-8Ip [\(HO)"'O®%a}s O°7Hz'°O* ar OS sIOgoNUuoONs Is 
€69 LS- 1 6P-L9OT (i) O7H'®O*H'OUS ‘8D) | yJerJauTW poureuUp w 
6IL “PSE Iv- Iv €6-€V 096-91 0°H °O7d7'O(®8D “IS)Z oe URSIN BD 
O9€ ¥S-S9 €9-€bL O°HS'[°(HO)°%0" a] 28D O°H8°°O*4L'O2OZ oyI0UIH 
(esuel JYSIOM 
powodar) | (% IM) | e[NWIOJ uones 
QOUdIIJOY £0°a% £0°¢ opIxO e[NWIOJ [VINjoONIS BINWIOJ OpIxO [e1OUTPL Iofeyw 


(panuyjuoo)—J a1q01 


12 


Refs. p. 54 


13 


The Minerals of Boron 


9€C 


07S *L97Z 
L6 “96 


S8P ‘86E “OLE 
08 

LOT ‘% 

L9S 


087 
v9 
60€ 
91S 


€C 

118 

c8 

c8 

c8 

Ell ‘ZIT 

I8L “€Z 

LOE 

98L ‘TSL “PIL 
98L ‘7SL “6LE 
062 ‘98L ‘7SL 


£99 “LEZ 
LvE 


SS | ff | ee 


sousJajay 


8P:vP 


8-61-61 0¢:61 


PS -8C 


ve-6 
19-P1 
8L-€€ 
89-IT 


f1-L] 
0S-Sc 
09-ST 
0S-81 


2°£C 
9S-8€ 
06:°SP 
8P-cS 
8P-TS 
61-6¢ 
17-07 
S€-0S 
LO-0S 
L0-0S 
SI-c9 
89-81 


“SLi vL:8I 


(esuel 
poi10dol) 
*O"d% 


(% WM) 
O° 


99°C8L 


89-C9E 
€L-61Z1 


O€-SPL 
C9-9Lb 
1S-TLTI 
v8-S6S 


€l-61Zl 
v6°SPS 
97-9bb 
8S°69TS 


Ov-€801 
vfP-8SL 
9C't99 
9€-€99 
90:°7S6 
08-LLEl 
88-196 
vEe-€L6 
vE-€L6 
IT-P8Z 


v0S- ILE 
JUSIOM 


B[NUWIIOJ 
oPIXO 


[°CHO)*°07a!S*(HO)*O*al®8D 


*[°(HO)all"OS]4(HO)*3W 
[*(HO)*O%a)*["OS]IO&8O7eN 


[(Od)*(HO)a]*(HO) , UW 
0°H9 [*(HO)O74]*[*Odl®3W 
O°H¢+I2[°(HO) "O° asVISW RD 
["(HO)AIL’Osv]zeD 


*[°oal[FOO)]fOfun*eD 
[°(HO)°O" al F[EOO]SWFRD 
0°H8 1°(HO)®O"al[fEOO]3W22D 


O° HP *[°oa]? [°OO]*1I0*%(HO)* *8WP*PD 


[S(HO)*O°a]1ID"8D 
[°(HO)°O* a] IDRIS 
[°(HO)°O*A) 19789 
[°HO)°O*a)1IO7%8D 


['o*a]IOfuW 
[*'O*a] 1024 
[*'o*a]10®24 

[°'O*a]1IO°3W 


[°oa]*(4 “HO)*3W 


PINWIOJ jeINjONIS 


(panulju0d)— J 2]qv, 


O°HS °O°*ds “OISZ'O®Or 


O° Hb°O*d “OS (4 “HO)BW'O2WNZ 
O°H7°O*ES “OSb'O8D9 IOBN7Z'O78N 


0°H9*0°d °0%d OUND 
0°H8"°0*d °O*%d O3WE 
O° H07'*0*d9'°O*sV'O3W'ORDH 
O°Ht°O*dO*SV OPDP 


ou [MOH 
SI}VIOQOITIS 
SHIOQGOJ[NG 
UIOpIOH{ 


a}eyding YIM sajzel0g 


oIURUIeIS 
oySINQgouNT 
ouSSNIO TL, 
ouuyed 


a}vUuIsSIY 10 ajvYydsoyg YIM Se}e10g 


°O°d£°OO7 *OUNE'ORD8 
O°HE*O*d7 007 O8W 'OROP 
O*HOI*0*d°O0 O3W'ORDZ 
O°H8"°O*dPrl 
“OO9T*1ID3W7 O3N Pl ORO8h 


syAOIJOopNey 
dIedIOg 
IIOGoqIeDy 


oueYy Aes 


d}JVUOGILD YJIM Sozv10g 


uJ PUB BD JO a}vIOQGOIOTYS ({ ) snoOIpAH 
0°H6'°O°%d9*1D8D'OROL 
O°H7*O*dS 21D (®D “IS)'O(BD “IS)¢E 
O°H7°O*dS IDR ORDE 

O°H7°O7dS 71080 ORDE 
O°H77°O* db 1ID80 OPDE 

(¢) O°H97°O* db FIOZWE O3WE O2OP 
(>)®O* AL *1IOUN OUNS 

(jeuosIIL) °O*Z°*1024 O2A¢ 
(©)®O*@L°71D24'O25¢ 

(>) °O*@L*1ID8W'O3WS 


Oa (da “HO)BWEO3WE 
(4 3 puke) &D Jo s}eIOQOIO[YS snoIpAY 


BINUIIOJ 9PIxO 


(‘ouIOGOJNs 


‘sUIOpIOYy 


‘SUVYYALS : OsTe 90S) 


oyueYyZzplV 
d}I0SUOTOS 


dIpsIeZ[IyoNUoNS 
oy pses[Iyeseg 


oupsres[iy 


IUIOGIOTYIOIpAY 


oyaeyTEyO 
dUSsIaquIeYys 
o}]OSUOD 
SHB 
o}10RIOg 


dpIOgON]y 
OHAOUPAT 


]eIOUI 


uOI}Bd 
Iofeyw 


Refs. p. 54 


Boron 


14 


nn eS SSS SSS SSS SSS SSS SSS SSS 


96S 
96S 
VCE 


ELL “OEE 
Ces ‘6 
cg9 
6IT 
S19 “161 
88L 
“9c9 “EES 
“oes “61l 


CLE 
LI 


9L9 ‘ZL9 ‘Th 
ZL9 “ZS9 “OBE 
LL9 
“CLO “7S9 
“9€9 “O8E 
769 “LL9 
‘TL9 “S81 
L69 “LL9 
“CLO “S8I ‘76 


ISL ‘¥69 ‘7L9 


99¢ “SOI 


16L “PSL 


QOUdIIJOY 


C9°L-6S°T 


86-¢-0 


SIT 
—98-01 


OPTI 
aI ioe 
8L-1T 
ad Og 
pS IT 
“SCL 


(asuel 
poyoder) 
°0*7a% 


Z1-9 
I1'9 
a1qelieA 


CE-87 


€9-81 
16-LZ 


(% “WA) 


£0°¢ 


Or-selT 
CC-0F IT 
9] QelIvA 
98-Sb~ 


8S-LPL 
O€-LPCI 


16°6€9 
$6-LOV 
80:°C6P 


u91-€L6 


uf9-OSOT 
4*269°VS 17 
1b 1261 
u8P-Li6l 


660°L681 


SL‘€66 


PL: I8LI 


YSIOM 
eINUWIIO; 
eprxO 


[((HO)®Od°O7IS][°O71IS]FIVUN 8D ouUIxeuesUeYy 
[((HO)*Od°O7IS][2O71S]*1V94 22D OPUIXPOIIOT 
[((HO)*Od°O*!S] O°H 

[°0*!1S]*1V°(4. 22d “UW ‘8D) | “*OTS8°*O*aO*1VZ'O(4 22d “UW ‘80)9 (dnoip) oyuKy 

2[*orsq]eo 2Q1SZ7°O"*A' ORO oyInqueg 
[7o0*("OIS)*(a ‘Og)]}204"7 A 2O1Ssp'(®O*d ‘O2°8)'O257 °O7% AZ oUITOpeyH 
[*o*(O!S)*q]®24"8D ©OISp *O*A7'O2AZT OPO oy [TWO 
[*(HO)(HO®Od)*CO!s)*al*8O O°HS*“O!S9'*O*dS'O8O8 a loyeg 
[?(HO)*(OlS)*a2g]2A28D O° H7*O!Sv'®O*d'O°d7 *O*%A'OROZ «WV [eIOuIW, 
[*(HO)*("O!S)* a]? O*°HZ*O!St'®O*d7 O8OPr a}1]07eq 

(dno1Ib) o7107eq ea 

[7THO]*O7!Sa]eN O°H7*O!St'*O*8'O28N O}ISI[IVIS 

— [Potsa]en ZQIS9'FO*q'O78N d}IIUZIOWIpsdy 
[?*o°!s]*[°Oa](HO ‘d)°O°V + £942N o}JosIong 
[?*o°1s]*[°Oa]* (4 ‘HO)(BWSIV)°3WeO (JoquIdUI-pus [eoTjay}0dAH{) OHA) 
[?*o°%s] "Foal? Oars (Joquiour-pus JeoT}a430dA}}) OPSIETIS TL, 

O°!sS 

®[°od]?(4 ‘HO)*IV'(4 cUW ‘+ c9DPN J1OYDS 
[?*o°Is]*[fOoa] (4 ‘HO)*IV®3WEN SHARIC 
[?*O°Is]*[fOa]* (4 ‘HO)IVE(IV ‘ITI)eN oeqi 


(edA} oyAvIp) (4 ‘O° H)b 
“OISTI*O*AE “O*1V9'OUI'O7EN |(dno1H) oureuinoy, eN 


[°CHO)*'O*ISEIVIIVIT O°H8O!Sb'°O"d °O*1VS'O7'T eyuopueuReW| eI 
Sd} BII[ISOIOg 
[°(HO)*'0*7IS]°eqen O°H? *O°AL*O!Sh'OPE9'O°R8N SUS[OLIVH 
wones 
BINWIOJ [RINJONIS BINWIOJ spixO [eroUTy Jofe-w 


(panuyjuod)—] 21901 


Refs. p. 54 


WY 
esl 


The Minerals of Boron 


CLs 


‘JOQuISUI pUd 34 , 


-JaquisU PUd 3B p 


gs al *HO IIV 4 
-Jaquisul pus UJ g 


‘HO [le pue [V:ITZ 1oj payepnajeo 5 ‘Iaquisw pus 


[df OU JOJ pazepnoyed 5 :B[NUIIOJ SpIxO UI UOTNINsqns [:] JOJ payepnojeo » 


a a ee 


zS9 “€9 
OLL “OE9 
“679 “901 
v6! 
89¢ 
pLZ “Eel 
v8Pr 
“OVE ‘687 “IP 


6r9 “SHE 
Ss9 “7S9 
7S9 “HET 
c$9 
661 


90€ 
169 “TOS 


LE 


68¢ 
68€ 


68€ 


v8L 
9I¢ 


96S 


VOUdIIJIY 


ECs, 


C8: 1 
LE-S—-09-T 


6S:°€-C6-T 
LS-Tl 
—18-¢ 
19:3-LE-P 
CC 
9I-LI 
—88-91 
Lb-vl 
—OL°CI 
Ly-vl 
LYS 
S-€1-+-01 


ClEl 
—v0-01 
Leslee 


OL-¥—-0S-1 
$8-¢-$0-0 


(asuel 
poy10da1 


£o*a% 


["*o°IS(OmMI(CHO ‘A)* (ed “8D Gd) (07H “4)°OISZ1®O*a'O(ed ‘8D ‘Gd)8 9} YO} 0[P@AH add 
67:9 ZS-LOII [220° IS*q]*O71Leg’en “OISOI’°O*d 2OLLZ’ OPE’ O2RNZ o}usydsoonsT 
PL-8 97-96L =OIS9°°O*a 7OLL OUW OPE’ O278N ay UeYsusl |, eg 
()*OIS9'O*E © OBL “9S ‘TV)L 31N[OH 
60:9 | 7Z8-€PII EONS eea Ones AZ 7O01S9'O*a £022 ‘TV)L oIsnIOWNG 
"O(a ‘IS 
by-7 €6:LS87 “(ig [W)][*071S](HO)"O°TV*3W O°H7OISrl°O°*d “O* VFL O2WNZI suldniduloy 
Cr I »c8-L09 [?0Co!ls)®od]*IV@Cd ‘3W) =O1S7T*°O*d °O71VE Od ‘SIDZ d}IOIPIPUbIH 
06-7 | »S8-IZPl [°Ols)®oa] (Orv) (BW ‘8D) =01IS9'*O*a °O"IVS OW ‘FOO! dIQIPUsIIgG 
[°O(Ha ‘18)]®8O'*O71VS 07H '(0O*d “O!ISZ) °O"IVOl'OFOr o}Uleg IV 
2o1se *O*a9 
[So®is*(FOm) F(T 9D ‘A)E(RD “BD ‘eg) "OPT ‘8D ‘A)E'O(2RD ‘8D ‘egg oylusjoddey 
“OISp'°O°aZ 
LS-rI 66:S66 =O 71S’ a (ed ‘TV ‘EL)®(A ‘90) FeO “O(24 ‘TV ‘EL)'®O*(A ‘9D)'OROE oNAYZpeL 
O°H °O“C(IV ‘d “IS)*(A 8D) O°H “Oliv ‘d ‘IS)E'O(A ‘8O)Z opULT[aH 
Ly-€l 008-91 [7OIs]Od(®T ‘90) 2O1sz ®O*a FOP ‘2D) ON[JIMT[NS 
O° HY 
“ST(4 “HO ‘O)*(IV ‘TS)*a€@d ‘TV)&(8O “Aw 
O°H8 
“(4 “HO)*T*O(a ‘TS)I*(IV “a)®(8O Sau) ayloueds 
0°H9?4°"O(e “IS)IPCG.L “AU (RN ‘8D) OPWOPIT 
au 
O°HS 
"© F°(7O(d ‘IS)19(2D “ULL “AU)*(EN ‘8D) OHIBDIOAIVD 4 
(HO ‘A)*'O*ISa*’adeoO d}TII.OULS 13@) 
81-6 | LO-OLEIT O°HE*"[*oO!s] O°HZIO!Sb7 °O* AS 1 7O09€ 
S*[°Od]* [2OO)*1IO°(HO)*1V 2 '3WE8%8D "OFIVE AIOSINZ O8W0E'O2D96 o}IOYIVH 
96°¢ IT-S9IT [((HO)®Od°O7IS]CO7IS]7IVUNZ(UW “8O) o}UEZUr 
YUSIOM 
(%% 1M) RINWIOJ uoneo 
£0°*q oprxo Pl[NUWIO; yeainjonsyS¢ P[NUTIO; epIxO [eISUIPy Iofew 


(panutjuod)—J a]quZ 


Refs. p. 54 


Boron 


16 


v6L “LLL “18S ‘8TE 


S6L “LZL “IES “St 


L6L 
“TEL “6€9 “LS 
Els “89 ‘ZTE ‘ZI 


S6L “LZS ‘IST ‘68 


S6L ‘ETL ‘66 ‘06 


SOOUSIOJOY 


q=Z 
of IS—-IVA 
of 8EtIV XK 


006-88 
aseq 0} X 


(DeLyt g 
(Dpsp-1 » 
(—) xeig 


SSoyTINO][OS 


619-I-919-T u 


sIdonNos] 


Sso]INOj[oo 
oLI-$ AZ 


6Sb-I-ESp-1 4 
LSv-I-8tb-1 g 
Ove-I-I€e-1 


(—) xg 


MOTIOA “OTM 
0} SsoyINO[oOo 
({) 931e] AISA AZ 


Leze-t 4 
Servet og 
6ETET 2 
(—) xeig 
SSopINojos 
ST oll AZ 
go0e-1 4 


Core)Z710E-1 gf 


10€-1 » 
(+) xeig 


soijiodoid jeondo 


(v€) 
(Sg) 
u,(001) 


(Zr) 
(€r) 
(LP) 
(oS) 
(€6) 
S (O01) 


(91) 
(91) 
(LI) 
(T€) 
(19) 
S¥(001) 


(Or) 
(Sr) 
(Ss) 
(SL) 
(08) 
S¥(O0T1) 
(02) 
(02) 
(SZ) 
(Or) 
($8) 
S x(O0T) 


eyep 


ESTE 
49:9 
OL 


608-7 
€L6°€ 

8¢:9 
L79-€ 
6£6°1 
Chrv 


CC6°7 
9S6°7 
LETC 
¥6°S 
80:9 
P8I-€ 


108-2 
IS-€ 
890-7 
90°€ 
9C-E 
Ip-€ 
ve 
C8°€ 
8-7 
1€-7 
Ive 
6E°€ 


(y)P 


Jopmod Ael-X 


9L9°ST 
(Z)IST-6 
ZZO-L 


$9-TOL 


(1)988-8 
(9)¥9-PLZ 
AS)TS 61 
ADZI 01 
ADZE 076 
(1)$8s-9 
(1)€90-L 
(1)6€0-L 


LS-€£€ 


(S)008%-S 
(S)88¢9-8 
(3)66Z0-L 


9L-067 
(L)6197-9 


(6)89€8-9 
(P)9T6L:9 


d1}9IUAS 


(Z)8L9-SI 2 
(Z)ZS1-6 9 
(1)910-L 2 


> 


BO o8sMaps 


Oo 


8 


S 


i=) 


yeinjen 


(y) srojourered [Jap 


Saijdadoig 10911dQ pup jooisdyg ‘jooiydvasopojshay suosog fo sjosauly ay —']] 2/q0L 


wi9}sk§ 


[td 
.OuNW 91ND 
$a} 810g 
(pre 
d110qP}9U) 
o1qng o110QRIOW 
Id (poe 
d110qgoy}IO) 
TOIL d}I]OSses 
PPV IO 
wugd 
ouuO oIpesOAy 
upup 
ouuO 97199NII9F 
SojB10gon[y 


dnoiz 

aoevds 
pue 

[eIOUTy 


Refs. p. 54 


we 
OP ‘OIE 
v18 ‘L6L ‘671 
r ‘ 
S L6L ‘671 
a 
> 
2 
= 
= 
S L6L ‘L7S “L8v ‘997 
= 
Ky 


L6L “68L ‘009 ‘pzs 


SOOUSIOJOY 


f€-€ 


(2) 


() 


LG 


¥@ 


ssou 


-paeyy 


Ssuols ‘a<4 

“SE oSS 
—IVZ 
q=xX 


WSs Aa<4 


(1)89p-I 2 
(—) xelg 
SSoTINO][OS 
oL9 AZ 
pes: 4 
ZIs-l g 
p6p-[ 
(—) xeig 
SSo[INO[OS 
o£9 AZ 
(ZLss-1 4 
(Z)6ES:1 g 
(Z)96r-1 2 
(—) xelg 
SSoTINO[OS 
(-o7e9) 
BS 6£ AT 
LIiLy-t 4 
L89r-1 gf 
99h 1 
(—) xelg 


ssapInojos 
WL: #2 
197-1. @ 
(+) xen 


SSo[INO][OS 


008 AZ 
(sept 4 


saijisdoid jeondo 


(8€) 
ux (001) 
(LT) 
(61) 
(9) 
(sg) 
(66) 
S$ x(OOT) 
(61) 
(1Z) 
(Zr) 
(gr) 
(18) 
S$ ¥(00T) 
(8) 


(gs) 
(6L) 
(78) 
(96) 
u,(00T) 
(0€) 
(T¢€) 
(8€) 
(Ss) 
(Sg) 
S ¥(001) 


(LZ) 
(62) 
(67) 


eyep 


Jopmod Avi-xX 


€S0°¢ 670-7 
PVET-~ CET? 
(@) | SLe-z 
(S)STL-T | €TLT 
088-1 C161 
(Wd 3) 

(sea) | (OTRO) 

AyIsuoqd 


(panujju0d)— TJ] 2190], 


00°SL8 


/D)P0 .06 
(LELT-TT 

(1)8IS-9 
(Z)STO-Z1 
(Z)E-1ZST 


ADZS £6 
(1)861-IT 
(T)19¢-9 
(T)ESL-0Z 
€-8Lv1 


A9)Z0-LE 901 
(Z)Z107-Z1 
(Z)0v9-01 
(Z)06L8-1T 


(Z)P-9L7Z 
(Z)Z61-1Z 
(I)LET-IT 

b-£56 


AS)OS 801 


oneyudg 


(Z)0LS-6 
(Z)86S-8 


(Z)8-08¢1 


AD)6€ 901 
(Z)ZIZ-Z1 
(1)1S9-01 
(788-11 


39 0 


(Z)9:756 A 
(LES 801 J 


jeinjen 


(y) srojyourered [[2D 


‘PML 


"(oud 


oyNO 


ol*%d 


oou0|p] 


o}INIZy 


OIUISeN 


oOONSULIIg 


xevlog 


OIUOOTBOUT 


[eIoUuIyy 


Refs. p. 54 


Boron 


io a) 
= 


L6L ‘TEL 
“009 ‘L8S ‘O0b 
“16€ “€9€ “PHT “EPI 


L6L 


‘99L ‘06S ‘IE “TET 


L6L ‘S8L “8Z6h 


O18 


S18 ‘61 


SQDUSIOJOY 


ye 


€ 


#7 


ssou 
-piey 


scr evez 
ae, 8.8 


yeom fa<u4 


a<d 

q=eA 
ocean Z 
yeom “a<d4 
IM =YVZ 
o8f=IVX 

YX 
yeom fa>4 


77 
69VX 


a<d 


SZS-I-07S-1 gf 
LIS-I-vIS-I 2 


(+) xeig 
SSoyINO][OS 

oS AZ 
(g)ggr-t 4 
8tr-l g 
(Zzer-1 » 
(+) xeig 
SSsoyINO][Os 

008 AZ 
(DL6r-1 4 
(Disr-t gf 
(DOLy-I 
(+) xeig 


s0L2 WZ 
(Dezset 4 
(Dg6r-1 g 
()rsp-l 2 
(—) xeig 
SSoJINO[OS 

Eo AC 
(ses: 4 
(Dszs-t g 
(Z)67%p-1 2? 
(—) xeig 


SsoTINo[os 
offL AT 
(16zs-t 4 
(LOSI ¢ 


sorjiodoid [eondo 


(87) 19-9 
(0€) S767 | IPl-Z 
u, (001) 60-6 “SEL-Z ZEL-Z 
(9¢) 88-9 
(8¢€) 9¢-€ 
(6€) ZLS-Z 
(9L) 07-€ 
(LL) O£-€ 
S$ (00T) 09-4 €IL-I TILT 
(1S) OPL-P 
(1S) €7-9 
(p9) OP7-£ 
(99) 0S6-Z 
(001) 6S-L 
U,(O0T) THI | (Z)S06-1 C161 
(OI) 00r-Z 
(11) Or-s 
(Z1) 698°€ 
(€1) LEO-€ 
(61) 6LS:7 
u,(001) PL-L | (S)LZO0-7 | ZOT-Z 
(€1) IS6-r 
(LT) v16-7 
(LI) ZSE-E 
(67) 8HS-Z 
(9L) LYI-€ 
ux(OOI) | ¥90-€ | (9)OEO-Z | LEO-Z 
(OT) 6£0-Z 
(61) 08L-7 
(61) CET-€ 
(67) 
(¢_ UID 3) 
ES) /\9 i Oe) 10)) 
eyep 
JopMmod Avi-xX Aysuog 


ioe) 


Z 


oNeyWUAS 


6-16C7 


AZ)OS oZIT 
(6)9LS-€1 
(PI)PLP-91 
(S)61T-1T 


(Z)16S-9 
(1)8SS-ZI 
(Z)IZP-€1 


(p)p-87S7 


AD III 
(Z)888-ST 
(I)ETO-8 
(€)O€7-7Z 
(Z)8-6601 


AS)E-87.86 
(1018-2 
(IIES-Z 

(7)698-8I 
C-SITT 


07 oFOl 
(S)ZZE-9 
(S)S68-6 
(S)pS¢-8I 
L-v8P 
AE)TE oT L 
AE)OE LOT 
AE)SP oCOI 
(Z)9LS-9 


jenjen 


(y) siojourered [Jap 


oan en ee 
(panuljuod)— TJ 2qvL 


VsMarsyzsqHosMQ SeHom PyQnoM PexeHosm SPenoy 


D/"%d 


.ou0WF 


7D 


.ou0py 


ol'%d 


oou0-w 


ol'td 


dou0sw 


2/7) 


sou0Dw 


Id 


[ema a a a Ce ee ER Le 


dnoiz3 
aoeds 
pue 


W9}sAS 


oINIOqQoIg 


9318109 


OPACPRATY 


oHUILIVISIIY 


sHUIysOWIYy 


[eIOUIY 


‘Refs. p. 54 


The Minerals of Boron 


L8¢-1 ¢ | (09) OL:S (€)9¢-I1 2 AIZO 
aL OZ OLy-I (O01) 60-€ (€)$9-6 9 
66S ‘9b ‘THI () q=X% (+) xeig | S,(00T) 9T-€ | (P)SOL-T 6SL:1 | ¥ (S)L7-S7 BV | JOUOPF | sJOQGoTUOWUY 
SSa]INO]JOS (9¢) 768-7 (Z)S-7€8 A 
a>d o8$ AZ (Or) €p-¢ 
(1)I9g-1 4 (Sr) 856-7 ADZS 096 Ff 
(D60s-1 gf (6S) 69-7 (D9orr-6 2 ol td 
L6L ‘66S ‘Z9P OLPVZ (Deé6r-I 2 (€Z) 076-7 (1)SZ9-L 9 
‘Sv “POL ‘Trl ‘Iv () q=X (+) xelg | U,(00T) 9€-6 | ()S06-1 83-1] (Z)Zp9-11 B | OU OM [[oIopsIey] 
SSO[INO][OS (ST) €6°S 
(‘O789) .OL AZ (12) I8I-Z L-611T 8-97IT A 
(Z)osr-1 4 (0S) LOL:Z 
D=7Z (Zser-t g (IL) 09-¢ (1)S0-6 80:6 2 7TOQK 
q=X (Z)@Zp-1 2 (p38) ZS-€ (I)ILI-IT Sill 9 
TEL “€9p “Sl ‘ZHI <2 I=X (+) xelg | S.(00T) O£-€ OrL:I OrL-I | (Z)S$90-1T Ol-Il 2 oyuO oyUes 
(g¢€) CST-€ 
(Sp) S9OT-€ 
ovIYM 
0} ssajINojoo (€s) OI8-Z (€1)ZO-bh6 A 
(Z)L¥9-1 3 (rS) 7S-01 (i) xxad 
(Z)9p9-1 ™ (76) IZO-€ (S)LLE-L 2 
ILS (2) (+) xetup) | U,(00T) | €87-r | (Z)E06-7 | LES-Z |) (1)9S7-7I BV} sexeH op YOs eg 
(1)€-989 A 
SSa]INO]JOS (Sp) Ive-v A1)S0 SOI 4 
ofL-OL AZ| (LP) $99-Z ADSI 601 gf 
I€S-I-8zs-1 4 (L9) OSI-+ ADIT 06 2 
LOS-I-SOs-I 9 | (08) 00:9 (1)9L9-9 9 Id 
86L ‘L6L €6¢-I-06b-1 2 ($8) LL-L (I)LS8-71 9 
‘S76 ‘OPI ‘EPI ‘EI 47 (+) xerg | U,(00T) SETI | (DSSé-1 196-1 | Z (DEI8-8 2 [OIL 1b) a) 
Ssa]INo]oo (81) 9€S-€ (Z)6-€601 A 
a<d ofL-OL AZ (12) ESS-h 
pes-I-eps-1 «| (SZ) £66°€ ADIO 001 g 
i (y)P (¢ Wd 3) dnoiz 
a (sea) | (ole) 91394}UAS [einjeNn ooerds 
ssou eyep re we OCOi—p 
SIOUDIOJOY -piey sonjiodoid jeondo Jopmod Avl-Xx AyIsuoqd TA (y) srojoweied [Jap W9}shg [eIOUTY 


(panujjuor)— |] 2]q0. 


Refs. p. 54 


Boron 


i=) 
N 


S6L “€0L 
‘TOL “P6S ‘IbS “p8Z 


€6v “TH 


IL9 ‘6b7Z 
“p8I “Est “16 “€9 


609 ‘L6Pr 


S6L “OLL ‘OEL 
“099 ‘919 ‘Lz 
‘LIp “POL “9 ‘Sb 


SQOUdIOJOY 


9 


¥s¢ 


$8 


ALL 


i i | | | | | 


ssou 
-piey 


q=X 
D=X 


Suols ‘a> 


7S9:I-679-1  ? 
(+) xeig 
SsoyINO,oOS 
of€ AZ 
(¢)p09-T 4 
(e)e09-1 g 
(e)sss-I 2 
(—) xeig 


ayy 
0} SsaJINO][OS 


(I)€69-1 4 
d1doMos] 


SSoTINO][OS 


(10ss-1 @ 
(Z)ssp-I 2 
(—) xeruy 
SSofINnOjos 
006-68 AZ 
(HO)-() 
I€9-I-LI9-1 4 
16S:I-08s-I ¢ 
09S:I-€pS-I » 
(+) xeIg 
SST INOTOS 
009 AZ 
Ors: 4 


soniodoid jeodo 
eee. a... 


(panuyjuoo)— J] aqv 


(001) €7-Z 
S (001) L9-% 
(02) SEZ 
(07) 9PP-7 
(02) PLY 
(0¢) £0-€ 
(001) ; L06 
u,x(0OI) | OZL-0T 
(7) | 9561 
(SZ) | SLLI 
(L¢) IIT-Z 
(8h) PL7-€ 
(1S) Orr-Z 
#4(00) | €86-2 
(Or) SOL:I 
(08) | 3802-2 
(001) | 0-2 
(O01) | 969-2 
(001) IT-€ 
u,(001) €-¢ 
(S¢) 717-7 
(S¢) 00F-Z 
(S¢€) TSP 
(Sr) OT-€ 
(06) €l-€ 
U,(00T) 18-€ 
(Or) 86:8 
(os) 10-€ 
(09) 9L8-7 
I (y)P 
eyep 


Jopmod Ael-x 


OI-€ (u) 
—v0-€ $80°€ 
6S°7 €OL°~ 
SPE 
“Vt S8S°€ 
(€)007-7 | Ph0-7 
CLEC 99€-7 
“SCC | —66C°C 
(g_ Wd 3) 
(sea) | Co1eD) 
AyIsuoq 


0ZP-8 
86E°S 


8-06 


OPES 
COPY 


T-87$ 


sh 3s 


v7-T1 
VL:6 


o178qIUAS 


97H'8 
86E°S 
6°LSL 


/9E o16 
LI-8I 
Ol-€ 
OPI 


I-76€-L-16€ 


(I6TE-L 
-(DLIE-L 


9-06 


(E)EE-S 
(f)er-v 


I-7vS-8-97S 
(4)-(HO) 
Lv-b-tP-v 

OF-TI—-07-CI 
8L-6-SL-6 

T-1187 


AS)LI 6 


yeinyen 


(y) sIajowesied [[9D 


SH om Po 


S 


em FeO oO 


o4uvO 


u/Z] 


.o0u0p, 


ulepd 
o1qn5 


Id 
SexoH 


v2qd 
oyuO 


dnoi3 
aoeds 
pue 


Wwd}skS 


9}10}0y 


OUBLUIVYSIAA 


ouzIpouy 


dy110qQIog 


sISIOQUeY 


[essuIW 


Refs. p. 54 


21 


The Minerals of Boron 


L6L “S8s 


‘OIE ‘Lez “CET “SL 


L6L ‘LLL 


“Lb9 “TES “LTS SLLE 


L6L 
“6SL ‘6EL ‘LEL 
“OLS ‘SES ‘bIS 
‘yb “ESE ‘SEZ 
‘ELT ‘697 ‘PEZ 


“€0Z ‘961 ‘88 ‘Ob 


POL ‘TOL ‘999 


‘IZ9 “00S ‘O6r ‘OL 


S2OUdIIJOY 


b-f¢ 


f€-€ 


#5 


ssou 
“PIeH 


6 -$IVZ 


acd 


o8-L IVX 


yeom ‘a<4 


ofS 
osPARIID 


*Jlod 0} X 
yx 


a<d 


SSa]INO][OS 


e8E-LE AZ 
LOS:I-pos:1 4 
£6r-I-l6p-l gf 
68¢-I-L8p-1 2 

(+) xeig 


Sso[InOo][OS 
CLS-I 2 
s9s-| @ 
(+) xeluy 
Ov 

0} SSo]INO]OS 
o8@-§ AZ 

999-I-€79-1 4 

(‘sujap Z) 

9P9-I-€p9-1 

C8S:I-6SS-I 2 
(—) xeig 
SSoyINo][OS 
o9L-OL AZ 

089-I-0L9-1 4 

SP9-I-6£9-1 gf 

909-I-96S-I 2 
(—) xeig 
SSo[INo]oOS 
ob€-0Z AZ 

PL9-I-ZL9-1 4 

969-I-7S9'1 gf 


sorjiadoid (vondo 


(pr) 
(pr) 
(pr) 
(09) 
(89) 
u,(001) 
(LZ) 
(87) 
(pe) 
(Ir) 
(Z9) 
S%(001) 


(Z)S8L:1 


(I) 
(6p) 


(1s) 
(LS) 
(€9) 
u,(001) 
(IZ) 
(Sz) 
(0€) 
(os) 
(09) 
u,(001) 
(001) 
(001) 
(001) 
(001) 


€16 


(s) 
060 


(¢_ Wd 3) 
(9/8) 


BIep 


| JapMod AeI-xX Aytsuoq 


(panuyju0d)—'IJ 21q01 


c| ¥ 


fe. 


(Q)OL-SLP 


(1)Z61-8 
(Z)07Z9-L 


+-b0P 
AOT0S £6 
(S)OTT-€ 


(S)LLE-OI 
(ODSEs-Z1 


8-POC 
SOS? 


oneyjUAS 


S-P0l 


OF ovOl 

(Z)¥8-9 
(p)ZI-€1 
(€)Z0-ZI 


SH on PF 


(DE-0Ir A 


AD BE $6 
(DLPI-€ 
(I)ITP-OF 
(Z)Z8S-Z1 
€S-7vE 


AS)0Z oFOT 
(01)S07-6 
(S)OZI-€ 
(IIE-Z1 


SH om PVH OM 


T-S07 A 
OIS-b 2 


yeanjen 


(y) sisjouresed [aD 


v/*td 


sou0py 


“bd 


eIL 


old 


sou0p[ 


ol*%d 


sou0p] 


uuu 


dnoi3 
aoeds 
pure 
W9}sh§ 


oyJopuy 


ou0UUIg 


aqAJoqrezs 


oyuens 


[esJoulyy © 


Refs, p. 54 


aa x 
‘L7S “68h ‘8ST ‘LSI 


L6L “p71 “EZI “801 


SOS “pZP “OSE “BPE 


Boron 


L6L 
“O7Z ‘OL9 ‘699 
‘ZrO “98S “SIS “ISE 


L6L ‘€ZL “ZLS 
“TLE “L6 “ILZ ‘87 


SOOUSIOJOY 


22 


tev 


a 5 4 


¥S-p 


ssou 
~preH 


of PIIVZ 
q=X 


yOUTISIp 
‘a>d 


LE +9VZ 
099-IVKX 
o8StVV XK 


yeom fa<A 


SSa]INOTOO 


ol8 AZ 
6rS:1 4 
Les Pg 
80S: 2 
(+) xeig 


SSsofINo][os 


ADST AZ 
(Z)06p-1 4% 
(Z)ssp-t g 
(Z)spp-1 » 
(—) xeig 
SSopINO][OS 
(‘o789) .OL AZ 
(Z)sis-t 4 
(Z)sps-1 gf 
(Z)ZES-1 2» 
(+) xeig 
SsoyInO],OS 
o$C-0 AZ 
C6S-I-€6S-1 4 
SLS-I-OLS-1 gf 
ILS:I-OLS-I 2 

(+) xelg 


SSO]TINOTOS 


008 AZ 
C7S:I-O7S-1 4 
IIS-I-OIS-1 ¢ 
16¢-I-68¢-1 2 


(0S) 
(0S) 
(TL) 
(IL) 
(001) 
ux (001) 


(ZS) 
(€S) 
(6S) 
(OL) 
($6) 
S (001) 
(0s) 
(09) 
(08) 
(06) 
(001) 
S (O01) 
(ZS) 
(LS) 
(6S) 
(LL) 
(96) 
u,(001) 


(Zr) 
(1S) 
(pS) 
(LL) 
(78) 


(—) xerg | U.(001) 


sorjiodoid jeondgo 
eS solr Sk REE SA see 2 a cs nea Sel San iit I Hai eh ial i oman dele +6 Tae OE EEE 2 Renite oul ase nivel 


eyep 


OLL-€ 
LE8-€ 
88h 
vOT-€ 
cc9 
COL 


3 ay 
PSE-€ 
IL-9 
TT6-¢ 
LLO-¥ 
£60°V 
(ag 
€90°C 
VSI-7 
ELE 
Lot 
Creech 
£9°S 
CTE 
oS ie 
90-7 
bet 
90'S 


6L9°C 
CES-C 
LLv-~ 
ve-L 
OLY-€ 
C60 


JopMod Avi-x 


O9II-Z | OTI-Z 
(u) (s ‘u) 
(S)90L:1 €OL-1 
(U)6I-Z 
(S)pI-Z | 97-7 
(p)Spr-Z | 79-7 
198-1 
—Lvs-1 968-1 
(g_ Wd 8) 
(‘seaWy) | Cored) 
AyIsuaqd 


(panuljuod)—'J] ajqvy, 


(1)€-999 
A1)60 oL6 
ADVE 801 
ADET o£01 
(Z)S68-L 
(Z)8%9-01 
(1)008-8 


o1704IUAS 


O-SS7T A 


AL)80 0001 
(L)$99-bI 
(ZEv-8 
(e)Es-8I 
(1)Z-999 
AZ)60 oL6 
ADSE 801 
AT)EZ o€01 
(1)888-Z 
(Z)Pr9-01 
(1)IT8-8 
€-8ZEI 


A01)60 026 
(p)07-€1 
(€)09-L 
(p)SZ-€I 


BH oM Pyqovo eM apy om 


8-LLST 


> 


ZS-01 

61-6 

ZE-91 
(1)9-00¢ 
AD)0P SOT 
ADSS 801 
AT)9¥ 086 
(1)9bb-9 
(Z)16S-01 
(I)Pre-8 


BH osMaAP YEy»5 vo 


jeinjen 


(y) srajowesed [Jap 


7D 


oou0pw 


xd 


[IL 


ad 


oou0p 


udqd 


oyuO 


oroqyey 


syoeyosuny 


ousIney 


o}Tys 
-udyzelqooslg 


sIAOYRUIN YG 


[eIOUTA 


Refs. p. 54 


23 


$79 “Orr 


L6L ‘9P9 ‘L6E 
“POE “OSE “ZZE “8LZ 


L6L ‘109 
“8S “6bS “LZS ‘871 


The Minerals of Boron 


$09 “99I “SZI ‘IZ 


. 0S “SI 
BPE “SOT “9ET ‘89 


soouaIajoy 


ty 


££ 


ac 


a4 


ssou 
-prey 


WSIS ‘Aa<4 


Aals oped 
Oj SSo[INO[OS 
099 AZ 
(1)869-T 4 
(DIs9-1 g 
(1)S¢9-1 » 
(—) xeig 
SSoTINO][OS 
SLIPAG 
O€S-I-67S-1  4« 
zIsI og 
C8h-I-€8h-1 2 
(—) xeig 
SSo]INO]TOS 
099-09 AZ 
TLS-I-69S-1 4 
LES-I-es-1 gf 
€7S:I-61S-1 » 
(+) xeig 
SSo[INO[OS 
SOLOS:1 @ 
S8EOp-l 2 


U(E)OLOS-I 
U(E)SE9P-I 2 
(—) xen 
SSoTINO][OS 
oSL-OL AZ 
87S-I-Sz7s-1 4 
80S-I-zos-I  ¢ 
€Ly-I-OLP-1 » 
(—) xeIg 


sorjiodoid [vondo 


(OL) 10-7 

(OL) 97-7 

(08) ZETI 

(08) L9-7 

(06) 776°1 

u (001) 8L-7 ZOE] SITE] 

(ST) 60S‘ 

(61) 600-€ 

(97) 10Z-€ 

(97) P87Z-£ 

(Or) v£-9 vl6°1 

u,(001) L0-9 | -8%6-I | +ve6T] 

(17) OfP-7 

(LZ) €l6-1 

(87) ZOP-b 

(€9) 89-9 

(7) OZE-E 

u,(00T) LL‘ LOI-7 |} ELIZ} 7% 

(s¢) 19Z-€ 

(s¢) 790: 

(S€) 8L-¢ (s) 

(Zr) ISE-€ 898-1 

(0s) L08-Z (u) 

S¥(001) ZL8 | (S)L98-I | 998-1] 9 

(S¢) 6S-€ 

(S€) €-9 

(0S) IL-€ (s) (s) 

(0S) 61-€ | (166-1 CL6°1 

(os) ZL‘ (u) (u) 

$¥(001) a) 990-7 | 996-1] 8 

I (y)P (¢ UID 8) 
(‘seaW) | (TBD) 

eyep 
JopMod Avi-xX AyIsuog Z 


80IP 


(8)L9S-SE 
(Z)6¢S-11 


8-1 877 


(€)08¢-L 
(LI)LZE-¥7Z 
(9)0¢S-Z 


o10yIUAS 


cO-TT 
(€)27-67L1 


A1)0Z 006 


(DIEL-Z1 
(197 
(€)L61-61 
(1)9-T€9 


ATD)9E oZOT 


(1) E78 
(S)1€89-9 
(D)Z9L-11 


8-2OlV 


(S)9SS-S€ 
(S)EPS-IT 


6: 167Z 
(1)0S-L 


(€)EE-H7Z 
(1)9S-ZI 


jeinjeny 


(y) siojourered [JID 
Se ee EE ee ST RO ee a i ns a Tes ee, Te icekinnn 


(panuyju0o)— J] 21901 


SH vMQ® Syegqonm SPyqo 


i S) 


by Ar dar of 
ouvVIO 


v/7V 


.0u0W 


I/7d 


.0u0-W 


EN 
quoyy 


pue 
waj}skg 


SAOVYOINY 


o}110qJopuy 


dHIVIOQOIPAH 


OMIOIST]TCOW] 


oyesyy 


[eIOUIy 


Refs. p. 54 


979 “€79 ‘Ebb 


6th 


8éL 


“$79 ‘86S ‘LPS ‘SEP 


Ha 


Boron 


L89 


cIZ 


soousJajay 


24 


(1)¥09-1 2 

v (+) xeig 
SSo[INO][OS 

obh AZ 

(D791 4 

(DLp9-1 gf 

(D791 2 

(2) (+) xeig 
SSo[INOTOS 

ofS AZ 

019-1 4 

I=Z sol g 

p=X 66S: 2 

¥€ q=X (—) xeig 
Ssoy[INO[OS 
A(Z)PS AZ 
(Z)oLs-1 4 
Corea)ggg-1 gf 
(Z)LSS-I » 
v (—) xeig 
SSoyINO][OS 

off AZ 

sso. 4 

£791 gf 

sss-I 2 

(2) (—) xeig 


yesm 6a<4 


SsoJ[INO][OS 


(7)06h-1 ™ 
(Z)9Lb-1 2 
7 (—) xen, 


ssou 


-pley soijiodoid [eondo 


(O01) 00-€ 
u,(001) 89-2 09-2 8 
(o€) OL-Z 
(Or) LSL:I 
(os) 606:1 
(OL) 18-Z 
(OL) IT-€ 
U (00T) Z0-Z se (d) 
(02) v0- 
(o€) 68L:1 
(o¢) 199-Z 
(0€) OT-L 
(Or) LS-€ 
S,(001) | 9Sb-€ | (U)gE-Z 8 
(Or) Z0-7 
(Or) LS-Z 
(0S) 81:9 
(os) I9-L 
(08) C0-€ 
u (001) 18-Z €7-Z =e 1 Q2 
(Or) $0-Z 
(or) 07-2 
(Or) PL-€ 
(09) 818-1 
(001) 85-7 
U (00I) £6°7 —e soo (e) 
(97) PPL-7Z 
(Zp) IZL- 
(Z)88-1 pao 1 (2) 
(‘seoy) 
eyep 
Jopmod Ael-x AyIsuoq Z 


(panuyju09)—]] 4901 


¥6°8LS 
(1)L00-¢ 


(1)9T8-€1 
(1)69€-8 


o1neqIUAS 


SE-7l 9 
C69 2 


Byep ON 
SL‘6LS A 


(Z)900-¢ 9 
(IZ8-EL 9 
(I)8E-8 2 


BIep ON 


BIep ON 


eyep ON 


jenjen 


(y) sJoJoueIed [[3D 


oyJoqies() 


oy ysuIyZI0y 


oIIOQIoTeD 


o1Aysueys[O 


a1 ASIIQIS 


ouy WspIE A 


[esJOUly 


Refs. p. 54 


2 


The Minerals of Boron 


PSE ‘SPE “STE 


LI8 ‘€Z9 “Eph “ET 


EEL “869 
“€79 “8bS “Epp “ETH 


L8L “€Z9 ‘Ip 


879 “LZ9 “E79 “pr 


SSOUSIOJOY 


(2) 


AT 


¥€ 


¥€ 


ssou 
-paey 


SuOI}s 


(06) 
U (00T) 


LEIeba7® 
(+) xeig 


SSO[INO]OD (09) 

obL AZ (09) 
(Dzps-t 4 (08) 
(Dest gf | (08) 
(IES: 2 (06) 
(+) xerg | u (OOT) 


ssgjinojod | (QZ) Z7Z9-€ 
eSL AT] (08) Ove-Z 
Z78S-I-08s-1 4 (08) 91-7 
7S: @ | (08) SLP-E 
OLS:I-69S-1 2 (06) Ob8-€ 
(+) xeIg | S,(001) LI-9 U HI-Z 
SsaJinojod | = (QZ) vI7-7 
‘a<d o9L AZ (OL) CL:Z 
(I)pss:t 4 (08) €90-Z 
(Dgzs-1 g¢ | (sg) 8ET-Z 
(I)SLS-1 2 (08) p8-€ 
(+) xeig | U,(001) 8Z-L 9€-Z 
SsoyInoyjos (09) 06:9 
o8t-bZ AZ| (OL) 188-1 
vI9-I-€19-1 4 (OL) 19-2 
a+ @ | (62) ZL‘€ 
$8S:I-p8S-I1 (08) 727-7 
(—) xeig | u,(00T) Sh-£ vS-7 
({) ssafinojos | (0g) €60-Z 
‘a<u o$8 AZ| (08) 97-7 
(stot 4 (08) €p-€ 
(1609-1 | (06) | 8pI-T 
I (yW)P 
Ki (‘seoy) 
yep 


saiqiodoid jeondo 


JopMod Aei-x 


6L8°7 
€8°C CS-C 


S181 

88-7 
Le6-l 

PS°€ 

66°C £0°C 
v0-L —00-¢ 


Ajisuaq 


(panujju09)— J] 21qv 


(Z)sb-9 
(Z)pb-9 
C8°ESE 
CV oCL 
/0T ol IT 
CE ol IT 
(Z)P0I-8 
(Z)¥€S-9 
(Z)SL8-L 
0-10€ 
ofL 

/O€ TOT 
OE olL 
S6°L 
OL-S 
08-L 

8: IL¥1 


ATZ)9T OBIT 
(Q)LEv-€1 
(S)L0S-6 
(6)ZOI-€1 
L-l€v 


06 
(S)0rr- 
(Z)IL-6 
(Z)Z0-01 


(y) Sioyourvied [2D 


SHoM SPEQvosM PyxHvo sRapyqoovo sNRaypsys 


[IL 


Id 


ISL 


() Id 
[OIL 


3/7) 


.ouDwW 


40) 


.o0u0|y 


ul'%_ 


dnoli3 
aoeds 
pure 
Waj}shs 


OUYSIOIA]L 


93110q 
-O1pAyejuag 


OAOJOIF 


OAOJUOJIN 


OvISUITA 


[eIOUIPy 


Refs. p. 54 


Boron 


\o 
N 


L6L ‘709 “80 “OZI 


L6L 


“E19 ‘TIO ‘SET “LIT 


LSE ‘OIZ 


L6L “6S 


7?P “604 


“69E £¥C “SL. ST 


SdOUdIOJOY 


(e)ses-1 g 

(€)00S-I » 

Z (—) xeig 

YeoM SSoJ[INO][OS 

AOA ‘a <4 WS OSS ARE 

60r19-1 4 

£7 0f8 9176S-1 g 

IVZ 9198S: 2 

q=X (+) xelg 

yeom SSoyINO[OS 

AIOA ‘A> AZ)LI AZ 
(CSP 

-—IVZ (Z)eso-t 4 

q=X (Z)9¢9-1 gf 

o(Z)ZZ (Z)Z19-T 2 

9 +0VX (—) xeig 

SSo[INO[OS 

(4) AZ 

LIS: 4 

re. 

ZOS:E 2 

() (¢) xeig 

SSoyINOyTOsS 

oS€HCE WA 

86S-I-L6S:1 4 

p6S-I-I6S-1 g 

€LS-I-ZLS-I » 

WES (—) xvig 


rilN 
<=+ 


SSo]INO][OS 


o9b AZ 
OL9-1 A 
seer Gf 


ssou 
-piey soljiodoid [eojdo 


(panu1juod)— J] 2/qvI 


Id 
[SL 


ol*%d 


oou0p 


v/*%d 


oou0W 


(2) 


oou0w 


@) 
[OL 


xd 


dnois 
aoeds 
pue 
W9}sh§ 


(SZ) 186-7 (II8b-9 2 
(16) 8¢-9 (DEvE-8 9 
u,(001) I€-8 OZI-Z SIT-7 | 7% (1I)LE9-9 BD 
(9¢) 00-4 (Qhep-79S A 
(0S) 010-2 
(0s) OSS-Z A€)Z-L0 OIL gf 
(os) C8-€ (€)1860-9 2 
(0S) 79-¢ €v-Z ()psz-Il 9 
u,(00T) €1-€ —(V-C1. LOvVca Y (1)8ZL:8 2 
(pS) vL0-Z 
(ps) Z96°€ (Z)9-I811 (1)0-r0r A 
(9S) SZ0-Z ADET SENT Ff 
(€) ZEO-€ (I)9SE-9 2 
(18) 076-7 (Z)88r-01 9 
Ux(OOT) | 697-E | (DLL:7 | L8L:7) (1)€6S-:9 B 
(Z1) €LO-€ 
(ST) 0£6-7 
(91) L9-L 
(1Z) ZLL‘Z 
(L6) Lv-01 
U (00T) €-SI —— ———= 4(Z) ejep ON 
(0S) 8I-Z 
(09) ZL: 
(OL) 6b-€ 
(08) 9b 
(001) €9-€ | 8P-Z 
u (001) 6:01 -1v-7 mae tL) eyep ON 
Z-€07 A 
(09) 89-5 AB)OE o€L 4 
(OL) €£0-Z A9)S1 09 g 
(OL) SII-Z A€)9F 19 ® 
(OL) P8I-€ (ZIv-9 2 
1 | (wp (¢_u19 8) 
(seo) | CoTeD) d1794JUAS yeinjeny 
eyep 
Jopmod Avi-xK AyIsuoqd Z (y) siojouresed [Jap 


OIDOYIOAIPT 


o}UBUIITOZ 


ouuriqey 


O}1Y9S}I9L 


OI g 


[eIOUIPL 


a 


Refs. p. 54 


Zt 


Refs. p. 54 


O8S-I-LLS-1 4 (91) LES (s) A1)90 o LOT 9¢ 001 g 
reese, | oo (LI) PL7-€ (u) ZS1-Z (€)P08-Z1 (Z)78-ZI 2 ol td 
L6L ‘6vE 97S-I-LIS-I (02) 8LS-€ 60-2 (u) (Z)Pl€e-v1 (Z)9E-FI 9 
‘Spe “EOE “E9T ‘ZI ¥€ q=K (+) xerg | S,.(O00T) LIL -L0-7 | brl:t} +P (I)8SL-Z1 (DeL-7I v9 | J0u0W o}IOUIDH 
SSa]INO[OS (ID) 979-7 (Z)9-181T 6OLIT A 
o19 AZ (pI) C16 
(Zoss-t «| (I) 8ZL:Z (s) AL)L‘67o 171 KOLE AT. 8 
(z)I0s-1 g (02) 680-7 666°1 (IILS-9 (p)8ss-9 2 ol*td 
sLEIOVX (Z)rsp-t » (LZ) ESI-€ (u) (S)ESE-91 (L)09€-91 9 
L6L *8S€ ‘LOZ € q=X (+) xerg | s.(001) 61-8 | (1)00-7 | €00-7] ¥ (Z)L68-Z1 (p)Z88-71 vB | OU0W oHIBMOD) 
yeom SS3]INO][OS (1Z) 696-7 (Z)L-6901 ¢-990I A 
AIDA ‘A <4 (2789) .9L AZ (1Z) 68-7 
(Z)pss-1 4 (0€) SIs (s) (s) ADG6E IIE | AODSPEIIT g 
~ oLt eZ, (Z)ows:1 gf | (T€) Isp-€ | (DOI-Z | 760-7 (1)6€8-6 (0Z)8€8-6 2 v/*Td 
S q=X (€)00S-1 | (9€) 960-2 (u) (u) (1610-8 (0Z)910-8 9 
S L6L ‘807 € 060 9 VX (+) xerg | s,(O01) 8L:9 | (160-7 | 860-7] + (€)98S-r1 ($)9S-p1 9 | S0U0W OHIIQON 
ou ssgzinojoo | (OZ) | 0861 y-SO8T A 
S) (2189) ob AZ (OL) C17 
Re) (z)E09-1 4 (OL) 18-7 $0 611 g 
$ (z)6es-I gf | (08) €9:Z (Z)IS-9 2 'd 
= olEVVZ (Z)9ES-1 » (06) 8T-E | EZ (S)0€-8b 9 
S CSE (2) q=X (+) xeig | U,(00T) PS | $62: | P&Z 148 (DLS-9 » | soul; O}TYSAOWOA, 
SsopINOjoo (02) OSt-€ (E-F86 A 
= o98-0L AZ| (12) Lvs: 
> IZS-I-9I¢-1 4 (ZZ) 896:1 AS)ZO oF II ADO wll gf 
80s-I-Sos-I gf (ZZ) 89E-€ (0Z)SOP-8 (1)80r-8 2 ol*%d 
q=X  €6h-I-06¢-1 2? (SZ) 97S-7 | SLE8-1 (Z)90-Z1 (1)990-Z1 9 
TPS “OPI ‘OZ Z oLEIVX (—) xerg | u,(00T) L9-L | -PLs-I EL8-I | + (Z)€9-01 (1179-01 9 | SOUOW oHOAU] 
(p)S-OS€ A 
91qldao SS9]INO[OS (81) SST-€ AP)L:EF 98 4 
-Jad ‘a<u A(S)6L AZ| (OZ) €0S-Z A9)7-65 o1OL g 
(g)09S-1 4 (€Z) €9L-v AP)9-SP 006 ® 
I (y)P (¢ Wd 3) dnoi3 
(seo) | (oTeD) d194}UAS yeinjen ooeds 
ssou e}ep Se ee Sees —=—$—$<$—<—<———— pue 
SIOUSIOJIY -piey saiisdoid jeondo JopMod Aei-xX Ayisuoq 7 (y) sxojourvied [9D wi9}shg [eISUTPY 


a SSS. 


(panuyjuor)— J] 2/qoL 


Boron 


28 


L6L 
“199 “69€ ‘OST ‘SHI 


L6L 


“66h ‘86h ‘O9E “18 


L@v ‘9% “TSE 


£69 


6IL “PSE “BPE 


SIdUSTOsoy 


c 


() 


yeom “Aa<u4 
q=Z 
eso CVA. 
AV) Sas IVX 
a2 


(Dry AZ 
(z)0z9-1 4 
(Zesst gf 
(Z)EvS-1 2 
(+) xeig 
SsopInoy[os 
otS-bh AZ 
O8S-I-LLs-1 4 
v7s-1 g 
€IS-I-ZIs-1 » 
(+) xeig 
SSoTINO][OS 
o$8 AZ 
(Z)6LS-1 4% 
(ZoIs1 gf 
(Z)0Lr-1 » 
(+) xeig 
OvIM 

0} SSd[INO[OS 
(2) AZ 

019-1 4 
Soe 
ZrO 2 
(+) xvig 
SSoJINO][OS 
[Tews AZ 
ZL9-1 4 
cr9-1 gf 
Ip9-I % 
(+) xeig 
SSof[INO[OS 


ob AT 


90 0t6 gf 
(Z)ZS9-9 
(€)8EL-11 
(¢)098-027 
(€)9-TE€Z 


AD o LOL 
(Z)P6L-71 
(1)09¢-¢1 
(1)9S8-Z1 

0-18S 


AO1)9¥ LOI 
(Z)SS-L 
(Z)@Z-8 
(€)€8-6 


ROM SPeHoM PxyHo 


() 


(2) B}ep ON 


eJep ON 


(S)L-L67Z T-pOET A 


OIE) Cee EE 


ssou 
-prey 


soijiodoid [vodoO 


(6) 698-7 

(07) Lv-€ 

(SZ) 009-2 

(S€) TEE 

u,(00T) ¢-0I 99:7 | $99-Z 

(€) 6£0-7 

(¢) Or-S 

(p) OIE-Z 

(6) ZOE-E 

(81) €19-€ | 97-7 

ux (00T) TL —S7-7 | S77 

(OL) LO-€ 

(OL) TS 

(OL) Or-S 

(08) 67-€ 

(06) 60: 

u,(00T) TL 908-2 () 

(09) OSI-I 

(09) 79-1 

(09) EL-€ 

(OL) 097-1 

(06) 886-1 

u (OO) 178-7 a — 

(09) SII-€ 

(OL) 61-2 

(OL) 68L:7 

(06) Z6I-€ 

(O01) | 778-2 

U(OOI) | 006-7 | 6-7-8-Z ———. 

(8) ZES-E 

(€1) €80-7 

I (yY)P (¢ Wd 8) 

——_—————_| (sea~) | (18D) 
eyep 

JopMod AviI-K AyIsuaqd 


(panujjuoo)—']] 2190 


o134}UAS [einjen, 


7 (y) siojourvied [[2D 


vy 
foo) 0) 1 OHYDIVIA 
v/*td 
sOoUDpP | sWIOUIZONUOIIS 
ed 
.OUOW dIOGONUOIIS 
(9}¥10q IS‘®D) 
[eIoUIu 
(2) poureuu/s) 
(Z) [IL oyeJUeZINY 
dnoi3 
aoeds 
pure’ 
WI9}SAS [PIOUTIPL 


Refs. p. 54 


29 


The Minerals of Boron 


Lel 
“LTS ‘9LT “SLZ ‘7 9 


9EL ‘079 
909 ‘PES “S7Z ‘SEI 49 


L6L ‘LOL ¥L 


602 “prt ‘ZS <2 


1S9 ‘8g¢ 
‘LS@ ‘Lol ‘€8 ‘Lb (2) 


ssou 
SIDUSIOJOY -pieH 


(S)6Z79-1 2 
(u)Eso-T ™ 
(U)OP9-1 2 
[BIxeiq ‘wouy 
(—) xeug 
Z<A<X UMOIQ 1y3IT Z 
usoIs 
UuMOIG d30p x 


o9S-IS AZ 
ZIL:I-SOL:T 4 

Z vOL:I-L69:1 g 
=K 9L9-I-199-1 »” 
q=X (—) xeig 
SuOJ}s SSo[INO]OS 
‘a<d A(Z)OL AZ 
(197-1 4 

q=Z (DLIL1 ¢ 
I= (DZIL1I » 
=X (+) xeig 
SSo[INO][OS 

yeam 6a<4 (‘5189) .89 AZ 
(z)69S-1 4 

S—-IVZ (Z)res-I gf 
q=X (€)6IS-I » 
o6C2VX (+) xvig 
SsopINno][os 

oL£ AZ 

(Z)1Z79-1 4 

(Zess-1 gf 

(Z)ISS-I » 

q=Xk (+) xeig 
SSoy[INO][OS 


satjisdoid jeondo 


(001) 
(001) 
(001) 
(001) 
S¥(001) 


(09) 
(09) 
(OL) 
(OL) 
(06) 
u,(001) 
(IZ) 
(SZ) 
(SZ) 
(LZ) 
(6) 
u,(00T) 
(61) 
(61) 
(12) 
(p7Z) 
(Z¢) 
S¥(O0T) 
(SI) 
(07) 
(02) 
(0€) 
(09) 


u,(00T) 


(9) 


O1J9YJUAS - yeInjeny aoeds 
B}ep pue 
JopMod Aei-xX Ayisusq Z (y) siojourered [2D UWI9}SAS 


(s) €-S7S 161s A 


(u) ($)0@Z-8 (O16I-8 2 
€PT-€ (S)06S-8 (Z)gss-8 Dv 


= 


C9°THT A 


S 


(I)8ZE- 
(I)SL9°¢ 
cSt (1)8Z8-6 


=) 


($)89-80b 


> 


(l)pLe-p 

(I)pZL- 11 

v (1)896°L 
€-7LOl L-OL01 


(IDLE-€ 


AD)Z0 oF IT AQ)ES o€1T 
(Z)P€6-6 (1)€6°6 

(Z)E1Z-8 (p)907-8 

v (€)06€-F1 (Z)LE-v1 
$:96L 


AS)OP 611 

(07) 18¢-9 

(¥)0L-07 

C (07)6Z2:9 
(S)L9-LZ791 A 


SN om SFEQonm Psyoo 


dnoiz 


(panujjuod)— TJ 21qvL 


opAafawiolor 


ouyeyurs 


opopryoeyor 


oyyjouny, 


o314y9}e9A-d 


Jesu 


Refs. p. 54 


Boron 


30 


IOL “€6S ¥S D=X (+) xeig | S,(001) 6L:7 86-€ | OCI-v | Z (S)8e9-¢ 9 | OY4NO syOquiir 
O<d 
osurlo 
14311q 
0} ssoJInNOJOD O 
asueio 
yep (09) SE-7 
07 74811q (09) L8-7 6°8L9 A 
OL:I-€SL-1 ™ (09) 9E-€ 
LIL:I-O0OL‘T #? (09) Ov-9 (2) 
[erxerg “wouy (08) €S-7 (ItE-€ 2 
907 (2) (—) xerup | u,(00T) ev CHE OI8-€ v (I)OE-FI 2 BIOL OPTOST AA 
(08) €7S-1 
(08) 07-7 E-77PI A 
(06) £0-7 
(06) 7S-7 (1)L0-9 2 4UUd 
(06) LI-S (Z)OL-7I 9 
OLS (2) B1ep ON | U,(O0T) 6S°T (S)€0-4 OT6-€ | OT (E)sp-8I v OyWO | oNporjeurdoyyO 
UuMOIQ 
Z<X<A -YsIppol Z 
enbedo 
Ajreou 
UMOIG 
9}eIIpOul -ysippol dsap xX (p) 909-€ (SI)ZL:169 A 
“(u)a>4 ADZE AZT] (9) L86-1 
(oDs90-7 4] (rT) 80-7 ADB8E oL6 9 
(1)s0-7 g (07) £9T-7 (DEeEe-s 2 +/#9 
($)806-T (98) OVS (1)P66-S 9 
L6L ‘LZS “80¥ 9 (—) xerg | u,(00T) SOL°~ C96°€ 970-7 8 (€)ppL-1Z BV | DOUOW ou[Oryeulrd 
SSo[INO][OS 
(S)Ep9-1 ™ (08) 99-Z 
i (y)P (¢_ Wd 3) dnoi3 
(ses) | Coated) o1704}UAS yeinjeny aoeds 
ssou eyep _——_—$<$—$—$—$—$— pue 
SIDUDIOJOY -pley sojiodoid [eondo JapMod AvI-K AyIsuaqd Z (y) siajoueled [9D WI9}sAS [IOUT 
(panuijuod)— J] 2/40], 


Refs. p. 54 


({) Inojoo (Or) 89-L 
react AC (08) C6L:I I-poe A (d) 
(‘xoidde)g,-[ 4] (08) ¥6:7 0€ 601 g 
=sead | ¢,(69) 69°€ 07-8 2 (.X [eIouT|W,) 
OIL:I-069-I 2 (08) Ips (f)p-€ 9 () [erourur 
907 (2) (4) xetg | U(OOT) | = LL-O1 a eon | ( LS-I] v | D0U0W poweuuy) 
X<A<7 uMOIQ 
-YSIMO][9A 7 
Jaquiv ged xX 
uMOIQq 
gjed AIsA Xx (67) 179-1 
BuONs ‘a>4 082-07 AZ| (ZE) 80L:T (1)8-Z00I A 
099-I-Ip9-T “| (Zé) 797-7 
= D=Z 869:I-0b9-1 gf} (6p) p8I-Z (pus (1)687-8 9 uogd 
8 q=X 9p9-I-I€9-1 (ZL) 009-2 —uW-W) (Z)LSE-EL 9 
SS €6L ‘T6L ‘Tb fv I=X (—) xeig |u,(001) | PL6-€ | (S)SE6-7} £€96-2 (1)LS0-6 2 oywO oOMOY 
Z<xX 
> SSo] 
2 -INO[O9 0} 
Ny asuvIO JYSIT 7 
x asuvIO 
S -MOTJTRA  _X (Or) TEE (DEe-6bh A 
aah AX (Or) EV-€ 
a 8EL-I-POL:1 4 | (09) 88L-I (s) (01)00 £6 AD)EV 6 Ff 
Ny 861 “LOL “LLL vEL:I-L69-1 gf (08) 8LY-7Z (u) ZEV-E (S)ZLZ-€ (IE87-E€ 2 ol*%d 
‘EpL ‘SEO “PSs OL9-I-vE9-1 % (08) PrL-7Z IE-€ (u) (1)L9-0T (1)00L-01 9 
“87S ‘OSZ ‘907 ‘88 | S-fE (—) xerg | u,(00T) ZE9 —O-€ | €6E€ (S)8€L-Z1 (Z)ZE8-ZI vB | soU0p!; O}IXOSSNG 
SsaJINojoo (Or) 79-€ 
a<d oS€ AT (Or) Il-v Z9-L7Z A 
1zg-1 4 (oS) ZELI ) 
I=Z volt 9g | (Os) €£:7Z (L)EE9- 2 uuu 
q=X T6L:1 (09) 108-1 (€)PIL-8 9 
I (y)P (¢ UID 3) dnoi3 
———_——_| (‘seap) |} (oreo) d1j94JUAS yeinjen aoeds 
ssou ejep pue 
SIDUDIIJOY -pieH satjiodoid [eondo JopMod Ael-xK Ayisuoqd (y) siojoureied [Jap wi3a}sk§ [eISUIY 


(panujjuod)—T] 2190 


Refs. p. 54 


082 
*L99 ‘SOS ‘O8P 
‘Oth “ELE “OE 
-87Z ‘L6I *L8 ‘19 ‘9 


LLL ‘9SE 


09 
“67S 
“6LY 
“80b 


“vs 
“O8P 
‘sIv 
‘90 “ELE ‘OPE 
WEton Ley StC 
‘TOT “L8 “19 “97 “9 


“€09 
“sos 
“6lp 


Boron 


S6L “SOL “899 


‘C79 ‘“6bh ‘80F ‘9 


SdoUdIIJOY 


32 


9-S 


#9 


ye[q 

onbedo 
Pol-YsIUMOIQ 7 
useIs yep ZX 
useI3 14ST. XK 


008 AT 
(os)sss-1 4 
(og)zzs-I gf 
(0Z)66L:1 » 

(+) xeig 
anbedo 0} 
“UMOIg yep Z 
onbedo 0} 

us013 yep xX 
useIs yep 

oy ysinfg xX 

oS ¥-0 AT 

a 

J 

yé) 


X<Z<A 


CI-7-S161 

¢8-I-S08-1 

¢8-I-S08-T 
Dm (+) xeig 
uMOIG 1431] Z 

uMOIG 

-YsIppor 
077431, x 
UuMOIG yrep xX 
o6S-SS AZ 
O€8-I-Z6L:1 4 
€Is-I-(%) g 
808-I-ZLL:I 
(+) xeig 


sojiodoid eondo 


(panuyzuoa)\— TT 21901 


v 


aia) has 


v 


C 


(81) LE61 

(81) vL0-Z 

(SZ) LOL-Z 

(SZ) TLE-Z (pus 

(os) 9I-S¢ | 808-4 24) 

U,(OOT) | 085-2 -LS-4 | 608 

(0S) IT-Z 

(oS) LL:Z 

(09) 70-2 

(09) 91-7 

(08) LOS 

ux (001) TS-7 | (Z)ED-E 

(SZ) 066-2 

(S¢) LOT-Z 

(0s) L707 

(OL) CIS-Z (pus 

(OL) LvS-Z Ip-b -3W—) 

u,(001) (aus -79-€ | ZOLE 

(02) I@-p 

(SZ) 766°1 

(SZ) OI-Z 

(SZ) 99-9 

(0¢) L6-7 

u,(001) 6S: | SE-E-E-E | ZEPE 
(y)P (¢ Wd 3) 

(‘seaW) | (TBD) 

eyep 

Jopmod Ael-x Ayisuog 


Zz 


C-S9E-6:LST A 
OI-€-90-€ 2 uvgd 
Ob-ZI-97-TI 9 
0S-6-6£°6 2 o4uwO 
vIpe A 
(I)IO-€ 2 | (&)mogd 
(S771 9 
(1)97-6 2 O"uvIO 
€-OSE-P-VEE A 
LO-€-66°T 2 uvdd 
SE CIAL 21 9 
LE-6-61-6 2 O4uwO 
LI9T A (2) 
(I)I0-€ 2 uDud 
()sv-6 9 
(1)07-6 2 | O40 
dnoiz 
d1304]UAG jenjen ooeds 
pue 
(y) sioyourered [[9D WI9}SA§ 


o}TUaSUOA 


osy101d0zY 


ousIMpny 


OPIYOIMIV AA, 


[eIOUTY 


Refs. p. 54 


92) 
ioe) 


The Minerals of Boron 


| 


78S ‘9S7 “IPT 


L6L ‘88h 


US 
“eSb “107 “6LI ‘OL 


918 


pre “SLI ‘6EI 


SIdUSIOJOY 


(OL) 
(OL) 
SSd[INO][OS (08) 
I@-l @ (08) 
€0s:I #2 (06) 
F£-€ (—) xetuQ | S,(00T) 
(12) 
SSoTINO[OS (87) 
CHC 
XOPUI USUI “OTeD (6Z) 
0:7 <? (6€) 
0-7<@ (16) 
41-1 (+) xerugQ | s,(00T) 
(07) 
MOTI[AA (Or) 
0} Sso[INo[OS (Or) 
(S)(Z) PLL: I 
“SLL:1 © (08) 
099-1 #2 (08) 
9-¥¢ (—) xetuQ | S,(00T) 
(S¢) 
(Or) 
(0S) 
(0S) 
(O01) 
L (2)«XPI1G | Ux(OOT) 
pol 10 ‘UMOIG 
‘ud013 JO 
o3Ul} YM YORI (S€) 
AT (S¢) 
97-7-17-7 4 (0s) 
—s- 49% (60) 
9L6:I-pr6-I 7 (OL) 
€ (%) xe1g | Ux(OOT) 


satjiadoid jeondo 


I 


eyep 
Jopmod Ael-X 


9L0-7 


($)98-L 


02-7 
—=C1-y 


OVoS'y. 


(y)P Be 


€80°C 


(pus 
BL) 
970-8 


(Ss) 
9LL-Y 
(u) 
617-4 


L81-S 


(218) 


Ayisuog 


(panujjuod)— J] ajquL 


9-SS7 A 


(1)s8-b 2 
é (1)9@-L D 


(1)p9-11Z 8-01 A 


(S)Z7Lp-S 2 
(¢)907-9 » 


(Z)ESH-S 
(Z)E17Z-9 


= 


L-6CE f9ce A 


(1)0S6-ST 2 
(1)098-b 9 


(S)pZ1-91 
(Z)6S8-h 


loa) 


II-8€¢ A 


(Z)100-€ 2 
(L)67Z-Z1 9 
v (Q)EI7T-6 D 


(L)9S-6LT A 


A7Z)60 066 gf 
(Z)ser-s 2 
(1)660-€ 9 
(€)p89-01 2B 


—————— ——— 0 ee | | | 


(¢ _Wd 8) 


oneqIUAS yeinjeny 


(y) siojouresed [Jap 


wmuulpd 


eld], 


dHaIdI0 1, 


suaso[eyy YIM Sojvlog 


puo/*py 


eIIOL 


ulngd 
o4uvWO 


xd 


oou0p 


dnoi3 
ooeds 
pue 
wW9}shg 


oqolyog 


SUIP|OISUSPION 


s}IPIONNBUOg 


opIS[N 


[eroUlPy 


Refs. p. 54 


Boron 


34 


S6L ‘06L 
“98L ‘89L ‘6SS 


“6LE “S67 ‘887 “987 


S6L 
“$99 
‘yI9 
“87S 
EGE 
“6L7Z 
“SEZ 
“861 


‘ZOL ‘789 
‘ps9 ‘819 
*L09 ‘Obs 
ee “eee 
“L87 “E87 
‘T9T “197 
Lee She 
pA 


86¥ “LbE 


LIS cL 


78S “SZS “OPT “EST 


SdOUdIOJIY 


‘98 ‘Sg ‘OP 


(2) F€ 


() 


KC 


ssou 
-preyy 


a>d 


d<0O 


€L9-1-899-1 4 
L99-1-799-1 gf 
Z99:I-969-1 2 

(+) xeig 


Sso]INO]OS 


(HO)-(4) 
OLS-I-€0S-I ™ 
VES-I-Z8p-l 2 

(—) xeiuQ 
(Z ) SSoyInNO,OS 
otL-8S AZ 
Ies-1 4 
E7S I og 
0S: 2» 
(—) xvig 
SSo[INO]OD 
[Jews AI9A AZ 


(Z)zss-1 4 
(z)zss-t g 
(Z)SES-I » 
(—) xeig 
ong 


aipues deep Oo 


MO]IOA 


-ysiuse1s syed 


169-1 ™ 
Ivo-I 2 
(—) xeruq 


sorjiodoid [eondo 


(os) SEZ 
(0s) OZL‘Z 
(OL) vr0-€ 
Ux(OOI) | 8S0-Z 
($s) LOv-I 
(S9) €9-L 
(SL) 6-7 
(06) 4 4 
(S6) lv-Z 
S¥(00T) Ip-p 
ejep 

ON 

(08) Ipp-7 
(08) IS-€ 
(06) 10-7 
(06) €-9 
(06) 5-6 
u,(00T) 07-€ 
(09) 69-1 
(09) 7 
(OL) 7S6°1 
(08) bS-7 
(08) 80-€ 
u,(00T) 6S°S 

vA (YP 
eyep 


JapMod AviI-x 


L6°~ 
—68°C 9V6°C 
(pus 4) 
VIO-€ 
(pus 
0-€ HO) 
68°C 06L°C 
OL: I. 869-1 
018-7 €C8°C 
(¢_ U9 8) 
(sea) | (1D) 
Ayisusq 


(panuyjuo2}—]] 2]qv 


( 


C 


Cc 


Li 


VLL60:7I (6)0160-ZI 
670SS-8 9605-8 
69IPS-8 96PS°8 

(pus 4 (1aquioul 

“yquAs) HO %0L) 

v6-LO0Z C:LIZ 
(1)L60-€ (1)90-€ 
(9)S08-8 (Z)90-6 
77OT 
61 o16 
SL-vl 
70:8 
79-8 
9-6£91 
L6°9 
9-81 
79-71 
C-607 
cs°¢ 
vI-9 
o1704}UAS jeinjeny 


(Y) siojouresed [IID 


2 


q 
D 


A 


S.o°o 2 F2 eM 


> 


SO 0 


u/®od 


3exoH 


ee | |F  ___t_f _ 


o}Iv10g 


aha cerereyal fe | 


oHAOURAT 


oy]OUNeS 


ou[Apurg 


[eIOUTT 


Refs. p. 54 


1] 


718 ‘ELL ‘ZIT 


ISL “Sve ‘EZ 


89L ‘Z9L 
“SEL ‘LOE “$67 “99 


98L 
‘Pel “PIL ‘O19 “6LE 


The Minerals of Boron 


98L “PIL “6LE “ELI 


SoUdIIJOY 


ic 


() 


(S)fZ 


()L 


| a | a i Se eee 


ssou 


-prey] 


a>d SSO[INO[OS 
s00 LSP AC 
O@S-1 ‘Iz7s-1 4 
p0S-I ‘ZOSs-1 g 
10S-I “66b-1 
(+) xeig 
SSo]INO][OS 

(2) AZ 

6ss-1 4 
= 
Oz: » 

(+) xeig 
o]dind 

OJ SSoJINO][OS 
ALES AT 
(Dppl-t 4 
(DLEL:I  g 


(DZEL:T 
(+) xeig 


GX 
Sl IVX 


poi ojed 
(S)SsL-1 


(Z)IEL I 2 
(—) xerug 


por Alloqdsey 
eyep ON 
(,) xeig 
us013 
0} SSoTINO[OS 


o€8-C8 AT 


soijJodoid jeondo 


(L) 981-2 
(L) S78-7 
(8) 86L:7 
(6) p09-€ 
(p72) 10-9 
u,(00T) 8P-8 
(Os) 89-9 
(OL) 670-7 
(OL) 96-7 
(08) 607-7 
(06) 7r-01 
u,(001) €S-€ 
(0S) ISs-I 
(0s) LI-7 
(0S) PS-€ 
(09) 80-2 
(09) VL-Z 
ux(00T) LO-E 
(OL) PES-I 
(OL) 8E8-I 
(SL) 860-2 
(SL) 190-7 
(08) CO-€ 
u,(00T) S7L:Z 
e1ep ON 

(Or) LSE-1 
(Sr) COLI 

I (y)P 


eyep 


Jopmod Avi-xX 


(S)Z7S8-1 


9L8-1 


AVISUoq 


v 


Z 


81-976 
(Z)p87-ZI 
(Z)689-8 
(Z)€89-8 
L-SSEI 


680-17 
0V79-8 


996°€88 


o104}UAS 


(€)6-9 LEE A 


(p)€-7r .96 
(1)990-LI 
(1)SPL-8 
(€)ESL-7Z 


BN Om 


> 


9-9S€7C 


S 


97°8 
¥8-07 
69-1 


3-9 


L:€76 A 


S 


(1)97-ZI 
(1)89-8 
(1)89-8 


ies) 


0-€Sel 


> 


(p)S90-1Z 
(Z)Z19-8 
+-106 
(€)S9I-Z1 
(Z)809-8 
(Z)809-8 


SQorexo 


18-€88 A 


yeinjen 


(y) sxojouresed ]J9D 


v/Z] 


dou0py 


DIGd 


ouNO 


"(Dod 


ouuO 


EN 


quioyy 
() 

'(DId 
() 

ouvO 


dnoi3 
ooeds 
pue 
WId}SsAS 


O}HIOQG 
-1o,YIoIpAH 


auIey[IyD 


opISIaquieyD 


d1[03u0D 


OMeOIG 


[eIOUT|y 


(panujju0o)— J] 2]qv 


Refs. p. 54 


ISL “8Pe “EZ 


IT8 


S8E “PSE “OBI ‘78 


Boron 


S6L “61E “78 


S6L ‘79 “LIE ‘78 


SOOUdIOJIY 


36 


(2) 


min 
foe) 


¢ 


ssou 
~preH 


yuid syed 0} ssayinojoo 
(i) AZ 
079-1 4 
<eets. 
009: 2? 
(+) xelg 
yeom 
AIOA SQ<A [[ews AI9A AZ 
(Dsps-t 4 
(Dots: g 
(DOIs:I » 
SlC=IVZ (+) xeig 


ssapInojoo 


(£61 AZ 
0L9:I-999-1 4 
6£9-I-—— __ g 
8€9-I-€£9-1 2 

(+) xeig 


SS3]INO[OS 


a<d oS AZ 
p99 4 

969-1 gf 

09-1 » 

(+) xeig 

SSo[INO][OS 

a<d oS AT 
(Z)p99-1 4 

FLIVZ (Z)9¢9-1 g 
q=X (Z)0E9-1 2 
$88 2VX (+) xeig 


sonsiodoid jeondo 


| | eq“ \———q“—“——]—| mii —_ st Of 


(08) ILI-Z 

(08) €06-Z 

(08) 6b-€ 

(06) 8rS-Z 

(06) L86-Z 

U,(00T) 9P-L 17-7 ae 

(08) L16-1 

(08) vS-7 

(08) 19-Z 

(06) PEL I 

(06) v8-L 

Ux(OOT) | 961-7 vIS:7 | €6b-Z 

(08) €0-Z 

(08) LEI-Z 

(08) THl-Z 

(001) CLL:Z 

(001) 78-7 

ux(00T) 68-7 €66:7 | 7Z0-€ 

(09) OLS 

(08) €£0-Z 

(08) SZI-Z 

(08) CSL:Z 

(O01) €8-Z 

u,(O0T) L8-7 IL:Z | 989-27 

(09) €L8-I 

(09) 9PS-Z 

(09) SSL:Z 

(08) 66-1 

(08) II-Z 

u,(001) 68-7 IL-7 £69-Z 

7 (y)P (¢_ Wd 8) 
(sea) | (Cored) 

eyep 
Jopmod Avi-xX AyIsuoqd 


(panuljuod)— TJ 2qv 


Z 


L:ye7Sst A 


61:8 9 
6S-VI 9 
9L-cl 8 
C-:0TL A 


ASD0.%6 gf 
(DE6-L 
(1)97-L 

(Z)¥S-Z1 
ZE-807 
/60 oLL 

67 611 

8P SII 

(0Z)08¢€-9 

($)809-9 
(S)6LP-9 
Z-S19 
VS 009 
/9E o6L 
00 oF8 
(Z)0S-LI 
(bp) P8P-9 
(Z)I€-9 
6:LI8 A 


PQ osMapyoovo syNMapsygo 


006 gf 
(ppl 2 
(DEE-Il 9 
(Z)IE-9 VD 


oneyiuss jenjen 


(y) siojowresed [J2D 


bq 


oyuO 


o/'td 


20u0/, 


Id 


[SL 


Id 


[SIL 


oqueyzplVy 


SHOZUOIOS 


oupsesyry 
-O1U01S 


dIpies[iyeleg 


oupsesytH 


[eIOUTY 


Refs. p. 54 


37 


The Minerals of Boron 


L9S 


‘LTS ‘LEv “POT “b6 


LLL ‘ZEE “O8Z 


LLL “py9 “6ES 


L6L ‘60€ 


L6L ‘61S “91S 


SOOUDIIJOY 


O<d 


49-9 


q=Z 
S| (b)8ZTIVA 


ssou 
-preH 


SSa]INOjOo 
€99-I-98$9-T 2? 
C99-I-S$59-1 © 

(+) xen 


Jossni 1431, O 
osUuvIO-poI J 
(170-7 3 
(I)I8-I 

(+) xeuQ 
SSoTINOT[OS 
oA(Z)OE AZ 
099-I-L$9:1 4 
€$9-I-IS9-1 
6S-I-06S:I 
(—) xeig 
SsofIno]os 
ay) 
(1)69S-1 4 
(Dors-1 g 
(I)LOS-I 2» 
(—) xeig 


SSo]INOTOS 


9P9-I-6£9-T 4 
sido0s] 


saijiodoid jeondo 


(61) €£8-C 


(02) L9-¢ 

(07) Z0°¢ 

(gr) 0F9-Z 

(ZS) SI8-L | OST-€ 

u,(001) 9S-€ -90-€ 

(08) 69-7 

(08) bS-P 

(08) 1-6 

(001) 9p-Z | (, pe}9e1100, 

(001) 79-7 -pb-¢) 

u,(001) 6-7 | (Z)0S-€ | OSE 

(09) 669:1 

(09) €97-Z 

(OL) EZL:Z 

(08) 706-7 

(06) 188-1 

Ux(OOT) | 099-7 | (I)LL-Z 16L°Z 

(91) €EI-€ 

(L1) 607°€ 

(81) SLZ€ 

(72) LSL-Z 

(LZ) SvE-b 

u,(001) ZL‘¢ Z1-Z 160-2 

(€1) 18-Z 

(pI) IS6-1 

(12) LZ8-T 

(ZZ) 91-¢ 

(9S) 8OI-Z | €8-2 

uy(00T) 8S: -8L:7 | 808-7. 
boy’ | (y)P (¢_Wd 3) 

——_—_—_—_——| (‘sesw) | Cored) 
eyep 


IopMod AviI-xX AyIsuod 


(panu1juod) —I] a]qo1 


Z 


o104}UAS 


v9O-TTE A 


(€)P061-9 2 
(SI)ZS60-L 2 


vl 


eID], 


eyuYyey 


ajeuasIy 10 ajeydsoyg YjIM So}elog 


C'CLS i 


(Z)L8-¢ 9 
(¢)99-01 2 
$679 A 


0 otOl g 
(Dorp 2 
(I)9E-8 9 
(Z)IS-LI D 
(Z)8-80L A 


AD6I OZ J 
(€)07L:01 2 


(Z)00L:9 9 
(Z)EEr-Il v 


(p)I-9TIE A 
(L)Z909-bI 2 


jenjen 


(y) siojawesed [9D 


u/’od 
SexoH 


u/Z7)D 


sou0Fw 


vl*%d 


sou0W 


eee 


o1qng 


syAOIapNeyH 


o}11eD10g 


o}1IOGOqIeD 


oueyyeS 


QJVUOGIED YIM Sa}elOg 


|= SAA | A |] — |] — | | | 


dnoi3 
aoeds 
pue 
W9}Ssh§ 


[eIsuI 


Refs. p. 54 


Boron 


38 


L6L 
‘pL9 ‘0S9 “6% 
‘8th ‘80b ‘66E 


“ES€ “BPE “LOZ “08 


L6L “SOT ‘96 


S8P ‘ver ‘86E ‘OLE 


L6L “€89 


‘SIS ‘80h “ZLZ ‘08 


LOL “SS 


Ol ll lll | ff | | ff fe | 


SOOUDIIJOY 


trp 


ssou 
“ple 


yeam 6a<4 


Gaz 
oI9—-IVX 


yuid 0} ssojinojoo 


o88-OL AZ 
pSS-I-Iss-1 4 
IpS-I-Ors-I  g 
67S:I-@7S-I 2? 
(—) xeig 
SSoTINO][OS 
oLL-€9 AZ 
y09-1 4 

gss-l gf 

O8s-I » 

(+) xeig 


MO]I9A oped 


o0b AZ 
(¢)s99-1 4 
(€)e99-1 gf 
(€)0v9:I 2 
(—) xeig 
SSoyINo][os 
oSS-th AZ 
6bS:I-prs-1  4« 
€pS-I-Ors-1 g 
97S-I-8IS-1 » 
(—) xeIg 
SSo[INO][OS 
AMINE AC 
(IIss-1 4 
(szs-t g 
(1)9@%-I » 
(+) xeig 


sonjiadoid jeondo 


(08) 91+ 


(08) IS-€ 
(08) L6O-€ 
(06) €90-Z 
(06) 8c-¢ 
u,(001) IT-€ 
(6) 886-1 
(O1) 9PS-Z 
(pT) 0L6-Z 
(91) S8L-€ 
(LI) ESL:7Z 
Ux(O0OI) | OZI-€ 
(09) pO7-b 
(09) CS-L 
(OL) Z0S-Z 
(OL) LLL-€ 
(08) Th8-7 
u,(001) 76:9 
(Ip) OP7-€ 
(Lr) P7387 
(0S) 816-7 
(8Z) Z0-¢ 
(78) 98-P 

S$ (001) C6 
(02) LE-8 
(17) 69-r 
(ZZ) LLS-€ 
(7Z) 86°6 
(0¢) C8L:Z 
Ux(001) €I-ZI 

I (y)P 
Byep 


Jopmod Avl-Xx 


vb-7 
—OF-7 6£b-C 
(Z)ESL:Z CIL-7 
8CI-€ 
—80°€ tei: 
O17 
SEO VII-~ 
0¢-¢ 
—6h 1-7 €61-C 
(¢_Wd 3) 
(sea) | Core) 
AyIsuod 


(panujjuod)—'T] a[qoL 


Z 


o1ey UAG 


6S°L86 A 


(S)8PZLL-L 
(DLES-Z1 
(DZET-O1 
(9)9-€6r1 


AZ)9T o€6 
(p)P8I-O1 

(Z)S78-L 
(S)PLL-8T 


SH oM PHHo 


6°68L 


> 


(S) 169-9 
(OLPII-SI 
(S)II8-Z 
L:SPL 


VT oL6 
OT-O1 
C9-L 
18-6 
C-L761 


AS)OZ 066 

(p)SS7-9 
(v1)076-61 
(€1)SL9-ST 


BHM SFPBMosM Psxygo 


jeinjen 


(y) siojourered [[9D 


puugd 


oyvO 


volt 


dou0J 


9}110q0j[Ng 


oUIOpPIoH 


azBYd]Ng YIM sozel0g 


uUugd 


ouvO 


*V 


oou0W 


ol "*%d 
role) (0) 75 
dnoi3 
ooeds 


pue 
wWi9}shS 


oyUBUIeagG 


oysINQgouNT 


ouIBsNIOL 


[esOUIPy 


Refs. p. 54 


39 


The Minerals of Boron 


“€9C—“1SE-—"88t 
“ESE TE cht 
“ILI ‘8€ “TE “87 “bl 


ISL “SIL ‘b69 
‘LLO ‘8€9 “6LS 
‘COS ‘ZOb “b8E 
"COC TLL “EP ALE 


€S9 “80h 


008 “PSL 


LLL ‘769 ‘Z6t 
“80r ‘Z8E “SEZ ‘8ZI 


soouslajay 


() 


ssou 
-prey 


voor 
9€9-1=809-T =? 
(—) xe, 
a<o ssojInojod q 

ssajINo[oo 

‘por ‘yuid 

‘us013 
‘anyq 14311 O 
SSS TE 
OLS: Toa 19eT" "a4 
(—) xeruy 


SSd][INO[OD 
o0€-ST AZ 
sey HE 
91 g 
v0) 


2 1v9U 7 (+) xeig 


SsapINojoo 


AZSS AT 

(g)0r9-1 4« 

(g)eco-l gf 

q=KX (€)079-1 » 

of £IVX (—) xeig 
SSoJINO][OS 

of L-LO AZ 

L09-I-$09-I 4 

009-1-965:I g 

cOS2VZ =: OBS I-E8S-1  » 
q=xX (—) xelg 


sojiodoid jeondo 


(¢8) 
(¢8) 


u, (001) 


(vr) 
(9p) 
(0S) 
(09) 
(p83) 
S¥(O0T) 


(0S) 
(OL) 
(OL) 
(08) 
(06) 


u,(00T) 


(1€) 
(LE) 
(09) 
(ZL) 
(SL) 


| eS | | | S| 


JopM 


u, (001) 


890-€ 
—S10-€ 


eyep 
od Avi-xX AyIsuoqd 


(panu)juo0d)— J] 2190 


3 


€ 


Zz 


(Z)P61-L 
(Z)L¥6-SI 


8-€vSI 


(Z)ZOT-L 
(Z)Ev8-ST 


oneyyUAS jenjen 


(y) sxoyowrered [9D 


ve-L-6I-L ? 
86:SI-Z6-ST P 


6:99SI-8-7vST A 


tier -2 
€6-SI-¥8-ST 2 


c:7S9 A 


SV oL6 J 
Il-pl 2 
768 9 
€7-S D 


O-rcST A 


ADEL oll g 
(QMEsr-El 2 
(Z)99b-8 9 
(€)6€9-FI VP 
(D€-166 A 


(9)0S oPOl g 
(Z)09-8 2 
(Z)EE-6 9 
(€)8L:7I P 


WEN 
quioyy 


wey 
quioyuy 


OMAVIG 


oueqia 


(dnoinp) oulyewinoy 


(é) 


Do0uN|s 


2/%D 


.ou0Dpy 


2/"Td 


.0u0|{ 


dnoi3 
ooeds 
pue 
wW9}skS 


o}1uOpueuRYy 
Sd} BITISOIOg 


dIS[oIIeH 


oy TMOH 


S2}BIOQOITIS 


[eIOUIPy 


Refs. p. 54 


Boron 


40 


669 *ZL9 “PSE “OST 


LL9 “@L9 


“9€9 “OSr “SSI ‘LE 


vOL “SIL “OTL 
“69 “P69 ‘LLO 
“LS9 ‘Ip9 “8E9 
Leo =9S9 <TC 
‘TOS ‘SEb “HSE 


“EST “TLI ‘891 ‘6€ 


908 “P08 “POL 
‘TOL ‘8pL “OIL 
‘LOL ‘L69 “P69 
*‘LLO “TL9 ‘€99 
“6S9 “LS9 “8P9 
*ge9 “LEO “LSS 
‘oss “ses ‘ZOS 
‘LOp ‘79E “THE 


SOOUIIIJOY 


SPO Stor. > 
(—) xen, 
Ao13 

‘UMOIG 

‘yuld sjed CO 

SsojInojod q 
mM 
3 


6S9-I-€b9-1 
1v9-I-779-1 
(—) xerug 
(anbedo 
0}) us018 
‘antq ‘UMOIGq O 
SSO] 
-INO[OS 0} 
MOTJOA eyed = 
069-I-€$9-T ™ 
€99-I-L79-T 2? 
(—) xerup 
usei3-on]q O 
Ud0IS-MOT[OA A 
(e1ARIP 
uBvIUIOIYS) 
L89-I-S$89-1 
(a11AeIp 
uviwo1yo) 
CH9-I-8E9-T 
a<o (enbedo o}) 
MO]I2A SUMOIG 
ISI] ‘UMOIG 
SSO] 
-INO[OD 0} 
MO][9A oyed 


u (001). eyep ON | Quo" onAl) 
(pr) 
(Ig) 
(79) €-08S1 A 
(pL) ued 
(€6) (Z)LET-L ? 
S ¥(00T) (Z)066:S1 D| quouYy OUSTELISL 
(pS) 
(99) 
(79) 6:009T | C-SI9I-L-P9ST A 
(69) 
(69) (Z)9ET-L VEL G:k 2 Seal: f 
S (001) (Z)$60-91 $0-91-€6-ST ¥ | QuouY ]1O4SS 
V-v8ST | 6-86SI-I-78ST A 
dnoiz 
o1j9q)UAS yeinjeny ooeds 
eyep pue 
Jopmod Avi-x AyIsuoqd (y) siojouresed [Jap wiayshg [eIOUIPY 


soijiodoid [eondo 


(001) 


(panuyjuod)—T] 21901 


Refs. p. 54 


41 


The Minerals of Boron 


“ERE 68D echt pe9-I-1Z9-T | ($6) 79-L (p)809-L 9 
“OIL “6L ‘79 ‘LZ ‘ST 9-¢ (—) xerg | s,(001) v ¥9°6 (8)9€9-6 2 | S0U0W oypoyed 
(dnoIp) o1[01eq 
SsafINojoo | (gc) (€)6-PLZ A 
oblL AT (09) 
Ses-I-ses-1 4] (19) AP)I-LS £6 9g 
ces-I-les-1 gf | (19) (€)8868- 2 tod 
L6L €TS-I-SIS-1 2? ] (86) (I)8S0-L 9 
“8LS “ShZ “P7Z “EE tt (—) xelg | u,(001) (4 (I)0L6-L 9 | IOU0|W O}SI[IVIS 
(S)LL-L8S A 
ssajinojoo | (op) A8)E-€0 026 4 
ol8-bL AZ} (Ib) AS)I-1Z 9IL 9 
ELS-I-ZLS-1 4] (gp) AL)S-81 0€6 ® 
s9s-I-sos-I gf | (6L) (1)€08-9 9 if) 
8SS-I-vSs-I » (6L) (Z)O9€-71 9 9} 19U 
99h ‘O61 ‘LI L-9 (—) xerg | u,(001) 4 (IEEs-L P [IL ~SIOWPI9y 
UMOIG-MO]I9A a 
MOTIOA 
ajed AISA (8€) 9-79S I (6)18-89S1 A 
(€)SEL:1 (pr) Wed 
L6L (€)SS9-1 (L9) ELI-L (p)6161-L 2 
“ssp “Z8I ‘ISI ‘tr ee! (—) xeruQ | u,(oo!) € 098-ST (p)80L8-ST » | quoyy 9110s Jong 
A<O SATO 
‘uooleUl 
‘UMOIG 
Ys] “‘UMOIQ O 
SSd]INO]OO 
‘kos 
ged ‘MoTJaA 
SLo°1—Coe-| ~ 2 wey 
dnoi3 
orayyUAS yeinjen ooeds 
ssou eyep pue 
SIOUIIOJOY, -pieH soijiodoid jeondo Jopmod AvI-X AyIsSuoq Z (y) sisjowesed [Jap W9}sh§ [IOUT 


(panuljuod)— TJ 21qvL 


Refs. p. 54 


Boron 


42 


‘L8E ‘I8E ‘E9E q=Z LE€9-I-0€9-1 gf ($9) LvL:Z (1)PL-L 4d am ag es 
“OEE ‘E67 ‘7%6Z 2=K €9-I-L79-1 2 (O01) | 1496-7 | 60-€ |7ZO€E (1)9L:8 6L:8-SL‘8 9 wuDud 
"16" Llc OUl 604. TL7L D=X Ses Ric xeig |S%(OOI) | SLS-€ -$6-7 | -I186-7 | + (1)€0-8 60-8-10-8 2 oyuwO opAInquegd 
MO]][9 
-YSIUMOIG 
0} Adis 
Ayous dsop 7 
pol-yst 
-uMOIG dsop 
S3u0I}s useis-ysinjq xX (09) €7-7 O-Lbe A 
‘a<d 008 AZ (OL) 81-7 
(sez: 4 (OL) L6-7 CT 006 J 
q=Z (S)SZ7L1 gf (06) €8-Z ply 2 ol "%d 
00 Jeu (Q)SIL-1 » (001) 7$:7 | BEE LS-L 
96L ‘S6L ‘7S9 ‘80r ¢ IVKX (+) xerg | U,(001) OI-€ ~pee FOES F £ L9-6 DB | J0U0W opTWOH 
SSa]INOTOS (os) 81-7 99-ISE A 
o88-L8 AZ (0S) I$-Z 
rs9-T 4] (Os) pL € Olebe o 
ce9-I g | (09) 9€7-Z T8-p 2 ol '%d 
ph OVZ 779-1 2 (09) 68-7 09-L 9 
l6r ‘69€ ‘8ZI ty q=X (—) xelg | u,(001) IT-€ 688-7 | pr67]| 09-6 9 | s0U0/W opIOAeY 
Sso[Ino][oo 
0} AaI3-Ystuse13 (0¢) IL-€ 9-€PE A 
oSL AZ (Or) 96:1 
IeL:1 4 (os) 61-7 OE o16 g 
aoe 2 (OL) 7S: 99-¢ 2 | (¢)0/"td 
07:1 » (06) 60-€ 8r-L 9 
S19 9 (—) xelg | U (OOT) €8-Z 8L-€ =" # (5) 98-6 BD | J0U0/W «V [e10UIW , 
88Z ‘OLL yeam “a<d SSa]INOj[O (Zr) 681-2 L-pS¢ PTPSE A 
“CZE OPTL OSS oVE-OL AC (1S) Cv7-7 
“OES ‘IZ ‘89r vL9-I-799-1 4 (Ss) SLE (s) 00 006 Ab)vZ 006 Ff 
‘ILE ‘“p6z~ ‘S97 859-I-6p9-I (99) 986-7 100-€ 78-P (p)ZE8-y 2 ol *%d 
I (y)P (¢ Wd 3) dnoi3z 
——————————| (‘seoze) | (‘o18)) o1704}UAS [einjen ooeds 
ssou eyep pue 
SIDUDIOJOY -pieH soijiodoid jeondo JopMod AvI-x AyIsusg Z (Y) si1ojourered [Jap UWI9}sAS [eIOUIPY 


(panujjuod)— J] 2]qv 


Refs. p. 54 


43 


The Minerals of Boron 


96S “ELS “LES 
“€7S “SOP ‘LO “OOP 


96S ‘S6S “9ES 
‘ews “60S “IOP 
“00r “P97 “OPT “SE 


6LL ‘9LL ‘69L 
‘IpL ‘969 ‘ps9 
“859 ‘Epo ‘OPO 
‘LI9 “96S ‘E€ZS 
‘LLb ‘“p9r ‘ZIP 
‘l0v ‘OOv ‘PSE 
‘PLE ‘OEE “HZE 
“ETE ‘BST ‘6EZ 
"CLE? LOLS ZOOL 
“66 ‘OL ‘OS ‘ZE “HZ 


66L “OLL “ELL 


scLL SEL VES 


soouslajay 


(2) €69:I-L89-1 
L-*9 (—) xeig 
Z<X<XA MOTPA 143I] 
0} SSoJINOJOD 7 
JOTOIA 
O} SSo[INO[Os i 
uMOoIq ofed 
Oj Sso[Inoj[oOs x 
o$8-¥9 AZ 
OOL:I-€89-1 4 
969-1-089:1 4g 
(d) 689:I-PL9-I 2 
L-¥9 (—) xeig 
MOJ][OA 
14ST] 
0} SSo[INO][OS Z 
JOJOIA ‘yuId 
O}] SsojINOojJOD x 
uMOIG 
‘yuid ajed 
O} SsojInoJOD xX 


Zuols ‘a>4 


Z<X<A 


Suol}s 0} 


yeam “a>4 008-9 AZ 


669-1-899-:. 4 

869:1-S99-T gf 

069:I-6$9:I 7 

¥L-¥9 (—) xeig 
MO]OA 

ajed 0} SssoyInojos 

o£6-¥8 AZT 

br9-I-€e9-t 4 


3Uu0]}S 
Sa>d 


sonjisdolid [eondo 


(08) OVE | 6EE 
U (0OT) ZI8-Z —97-€ 60S-€ 
eyep PEE 
ON -O7-€ | IEE 
(09) 8Z-€ 
(09) 89-€ 
(OL) 0€-9 
(08) Or-€ 
(06) OT-€ CEE 
U(OOT) | ZI8-Z -6I-€ PZE-E 
(Zs) 859-7 
(09) SEL‘ 
(09) Lov-€ 
I (y)P (g_ Wd 8) 
(‘seaW) | (TBD) 
eyep 
Jopmod Ael-x AyIsuoqg 


(panujjuor)— J] 2190 


4 


Cc 


4 


2 


671-6 
VL8°8 


€-0LS 


AZ)9T o88 
AZ)T1 086 
AD)br oZOl 
(€)I9T-L 


(€)061-6 
(€)8L6-8 


9-69¢ 


ADST 88 
AT)80 086 
ADT oZOl 
(ST)99SI-L 
(0Z)S661-6 
(Z7Z)S8S6-8 


v-vVS L-LvS—¥-0PS 


o104}UAS [eInjen 


(y) stoyowrered [9D 


Ss 


8s0H o8sNMHn EP 


sQ osnxa SP 


> 


[HL 


oyUdZU 


[LL | oWurxeursueypy 


Id 


[SILL 


dnoig 
aoerds 
pue 
WI9}skS 


ONUIXBOLIIF 
(dnoIp) s1UIxy 


[eIoUI 


Refs. p. 54 


Boron 


44 


96L “67ZE 


ESL “889 “BLE 


66L ‘L6L 
“p8L ‘819 ‘16S 
*8S¢ ‘80P ‘06€ ‘88E 


L6L *SL9 “61S “OTS 


SOOUSIIJOY 


LSL:I-OS9-'T 
(pareay 
S -un) o1don0s] 


uMOIQ }NU 

9L:I-L69-I u 
(—) xeugQ 

0} SIdo1}0s] 


9-tP 


JPG OF 
“‘UMOIQ-YSIppor 
doap 0} 1Y43IT 
LL-I-$9-T 
(—) xeun 
S 0} dIdoNOs] 


SS3[INO]OS 

(DEso-1 4 
dOUSBULIJOIIQ 

(2) ‘wouy ‘oI1dosos] 
9SULIO-MOTI[IA 

0} MO][9A aed 

of68-£9 AZ 

90L-:I-L69-1 4 

1OL-I-€69-1 ¢ 


ssou 


-piey satjtedoid yeondo 


(Or) v7-1 


(Ob) bre 
u,(001) 18-Z 
9.006 
0} SUI}VOY I9}je) 
(oS) COr-€ 
(09) 901-1 
(09) EL: I 
(OL) 67I-€ 
(06) O€8-1 
U(OOT) | L8L-Z 
(9.006 

0} Suljeoy I9}je) 
(os) OL:Z 
(0S) 80-€ 
(09) vSLI 
(OL) CES: 1 
(OL) 0r6:I 
U (001) 18-Z 
(L) 6£°€ 
(8) 00-€ 
(LI) OIS:I 
(02) 77 
(ZZ) PZ1-Z 
u,(001) 19-7 
(OL) ZSI1-Z 
(OL) ¢L6-7 
(OL) vI-€ 
(OL) O€-9 

7 (y)P 

eyep 


Japmod Aei-x 


99-7 

She | (sao | @ 

SUV 

10} sexe} @ 
| 

SUV 

—CP-€ —— | (2) 

6S6°7 

—6°T Pr6-~ 8 
(¢_ Wd 3) 

(sv) | (TBD) 

Ayisuoq Z 


(panuljuod)—' J] 2/qQU], 


31794}UAS 


(9.006 0} SuNvay Joye) 
6:07 A 


88:9 2 
S£-6 BD 


9-89S-9-LTS A 


66:9-88:9 2 
CS'6-1h-6 2 


(9)199S7 A 


(Z)96b-67 D 
L:@Ss A 
/6£ 88 4 
91 86 g 
91 £01 2 
¢60-L 2 


yeinjeny 


(y) siajouesed [[9D 


Sexo 


(2) 
mu/*9q 


Sexo 


u/°Od 
Sexo 


xand 


sIqn) 


——_—_—$ | | | | ee Se ee eee ee 


pue 


WI9}SA§ 


OWOFNIL, 


d}1I990AIeD 


9}1J990UR]OI 


op Joye 


[eIsUI|y 


Refs. p. 54 


45 


The Minerals of Boron 


661 


90¢€ 
169 ‘069 “E0s 


‘ZEv ‘6STZ ‘E61 ‘Z6I 


6ZE “7ST 


SIOUSIOJOY 


obb-9 IV Z 


¥9-fp q=X 


+9 


#9 


ssou 
-PpseH 


(+) 01 (—) xeig 


MOJIOA o[ed 
0} SsoJ[INO[OS 
oL8-8h AZ 
€L-I-799-1 4 
—— -L89-1 ¢ 
TL:I-@S9-1 2 
(—) xeig 


SS] INO]OS 


09-0 AZ 
COUIASET@ 
P8L:I-S9L-T © 
*xelq “WOoUuYy 

(+) xe 


use13 afed 
0} UMOIQ o[ed 
OLS: I= $7C9; LH 
(poyeoy 
-UN) dIdoNOs]| 


UMOIG yep 


satjiodoid [eondo 


U (001) 69-7 EL-€ p8E] Z €6L1 2} ({) PUL 
VI-IS8-b7-EP8 A 
ADIE ol II 
—(1)9Z oI IL g 
(OL) 86I-€ (Z)9L7-01 
(OL) OEP-€ ~(Z)8¢Z-01 2 
(08) £09-Z (1)80L- 
(08) S£9-7 -(1)969-% 9 v/7d 
(08) 69-7 | SSE (p)II6-8I 
Ux(OOT) | ZI8-Z -$6:7 serarcett fot A -(p)p78-81 9 | SouU0W 
(9.0001 
0} SuI}voy J9}Je) 
(OL) 671-7 
(08) L98-1 (pua 3D) (poyeoqun) 
(08) 0L6-7 79-1LZ 79-6L7 A 
(06) L€v-€ "ed 
(06) Levy} OLY 69-9 89L:9 9 
Ux(OOT) | 176-7 -LS~ | €09-7] € Cv8-9 L069 9 | s3exaH 
(9.0001 
0} Suljeoy 19}Je) 
(Or) €8-€ 
(0S) €OI-T (9.0001 07 Suey Idqye) 
(0S) LITT C-rIS A 
(0S) El-€ u/®od 
(0S) 70-4 | «OnE 8-9 2 
ux (001) 8L-7 -S0-€ a——= 1 (7) £6 D| sexo 
(9.000I-009 
0} Suljeoy I91Je) 
(0€) v6-1 (9.0001-009 03 Sunvey Jaye) 
(0€) OL-7 6-075 A 
(0¢) 80-€ u/®od 
i (y)P (¢_ Wd 8) dnoi3 
(sea) | Cole) o1JayJUAS yeinjeny 90eds 
eyep pue 
JopMod Ael-x AyIsuog Z (y) syojouresed [Jap WI9}SAS 


(panuyju0d)— J] 2/901, 


y 

a 

SAYZpeL wv 

m4 
oy pueyl[oH 
SUTTOMTINS 
oyoueds 

[eIOUIY 


Boron 


46 


LLL “6¥9 “9Eb 
‘sve “PLI ‘L9 ‘6r 


66L ‘SLL 
‘OSL ‘9%L ‘@z9 
“SLS “pbs ‘OIb ‘80b 


vel 


66L ‘96L “S6L 


SIDUSIOJOY 


SuOljs ‘Aa>U 


9€9-I-819-1 
709-T-O8S:I 7 
(—) xerg 
us013-Ysmn]q 
01 on[q yep 7 
use13 oyed 
O} ssaJINnojooD ZX 
Uu9013-YsI 
-MOT[9A aed Xx 
006-08 AZ 
€pL-I-90L'1 4 
MET Ge: 
SEL:I-I0L:I » 
(+) xeig 
poi Aqnl Oo 
os3ueIO-YsI 
-UMOIQG ofed =F 
6S18-1 @ 
SL3L1T = 2 
(—) xerup 


SuUOI}S 
‘a<4sIO 


4<O 


OL fe 


2? 


(—) xerup 


uMOIq 


ot6-08 AZ 
COLT 4 


soniodoid jeondo 


( 


v 


c 


i) 


(Z)09L-¢ 
(Z)8L6-01 
(Z)SEE-O1 


6L:0L9 


ADEL SII 
ADZZ 901 
ADSE o€01 
(€)E6E-01 
(€)978-6 
(€)0€9-8 


L-LSS 


(1)9b-8 
(S)SZL-8 


006 ~ 
SY 00T 
006 
6€-01 
IL-¥ 


d1J9yUAS yeinjeny 


(08) 8r-¢ 

(001) 0S |. 66-2 

u,(001) LVS -16-7 880-€ 

(O01) | SZ 

(001) £0-Z 

(001) Lv-7 

(001) 65:7 

(001) 68-7 | SIS-€ 

U (00T) SE-E TE | 6IS-€ 

(09) 9ZL-I 

(08) 800°7 

(08) OLE-Z 

(08) OL-€ 

(001) | 07S: 

u,(O0T) 9L-¢ | (7Z)00- ve 3 

(02) O£-Z 

(02) L7€ 

(0¢) 79-P 

(0S) v6-1 

(OS) OP-€ 

u (001) 8L:7Z LOV-v — 

(SZ) 98-Z 

(0¢) 699-1 

(0€) ¥6:7 

(0€) L6-¥ 

(ss) €16-1 

I (y) P (¢_ Wd 8) 
(‘seaw) | Cored) 

eyep 
Jopmod AeI-xX AyIsuoqd 


(panutjuod)—]] 290, 


Z 


(y) srojoureied [9D 


a) 


sO o8sNnXn LP 


mugd 
ouuo 


xd 
PUL 


o}JoIpIpuesly 


o1IqIpusiag 


oyUIeg 


oyusjoddey 


(II 
OUyIYZpeL,) 


[erIsULy 


Refs. p. 54 


47 


The Minerals of Boron 


€08 “L6L ‘9EL 
*8L9 ‘II9 ‘809 
‘p6b ‘“b8b ‘I8p 
‘ofr ‘E0b “ObE 
“SOE “POE ‘687 
‘OLZ “PLT ‘Ib ‘OE 


SOOUSIOJOY 


>X<Z<X 10O4 
us013 
-YSIUMOIG 
*us013 

yiep oj sed 7 
yuid 
“MO][OA 
‘us013 oyed 

0} ssojInojooD x 


us013 
‘UMOIQG 
-YSIMO] 
-[9A oyed 
0} ssoJInNO]JOD xX 
°>X<A<7Z 104 
yea 
‘a>410 
yeom “a<d o0S-E AT 
D=7 OIL-I-LL9-1 4 (SZ) vL9-1 
G=X 969-I-LL9-1 g | (9€) 9€-01 
I= xX 789-1-S$99-T 2 (L€) 960-7 
(—) [erxe (8h) SVE-E 
-Iun-opnesd 0} (82) 900-€ | 6b-¢ 
L-9 (—) xelg | U,(00T) £19-7 VCE a 
A<X<Z  u90I13-on]q 
0} onjq 
-YsIusols ojed =7 
ssojInojod Xx 
onjq 
SUOJIS ol onfg aed xX (0S) SOL-€ 
‘a<4io oO0€-bZ AZT] (09) 991-Z 
B8uoNs‘a>4 g¢9-[-079-1 4 (08) VPL-7Z 
I (y)P (¢ Wd 3) 
(‘sea) | CoTeD) 
ssou eyep 
-piey satjiodoid jeondoO JopMod Ael-KX AyIsuaqg 


(panuyjuod)\— TT 2190 


v 


Z 


(901J-U010q) 8-Z6r1 
0-86¢1 -8-SShI A 
SEL:9-89:9 2 

001-91 
(p)PSL-9 -LE6-SI 9 

(OLLPI-91 LOL-€1 
(9)9EL-EI -CL9-EI D 
ZS-€S9 A 

d1jaYJUAS [einjen, 


(y) syojourered ][9D 


wu? 


ouvIO ouidni9oulo y 


dnoiz 
goeds 
pue 


WI9}SAS [eIOUTIL 


Refs. p. 54 


Boron 


48 


89S 


$08 “Z08 “108 
“LOL “S6L “ESL 
“SEL “b7L ‘TE9 
‘6s “69S ‘sss 
‘ols ‘Séh ‘“ObP 
‘Otr ‘IIb ‘Ive 
“6EE “SSZ ‘EET 


“SOL “EEL “IZI “8b 


SOOUDIOJIY 


$8 


¥8-L 


ssou 
-piey 


a>d oSS-6b AZ 
I9L:I-8SL:1 4 
6SL:I-9SL-1 gf 
OPL-I-€PL-1 2 
I=X (—) xeig 


Z<KKX UMOIq 


‘MOTTOA 

0} ssaJINOjOD 7 
ro} 1) 
‘UMOIQ-pol 
‘asuvIO 
‘anyq 

O} ssaJINOjOD ZX 
we} ) 
‘MOTIOA ‘por 
*JOJOIA JO 
$}UI} ojed 
IO Syoeyq 
0} ‘UMOIG 
*us013 


SuOI}S ‘anjq dsop x 


“a<410 olS-OL AZ 
Suol}s ‘a> 


€ZL-I-€89-1 4 
D=Z lZL-I-SLO-IT 9g 
G=h $69-I-SS9-T ” 
v= X (—) xerg 
UMOIQ 
‘uses aed 7 
use13 
~Yysinyq 
‘usels yep 
UuMOIQg ojed xX 


saijiodoid jeondo 


(Z€) 80° 


(Z€) €6°S 
(pe) 68° 
(Or) $6:7 


Us(OOI) | 87-01 | (Z)06-€ 


(sg) LUE 

(06) 976-7 

(06) 60° 

(06) P8-S 

(06) 68S | 8HE 
U,(OOI) | 65-7 -I7-€ 


e}ep 
Jopmod Avl-xX AyIsuaqd 


(panuijuod)—T] afqu 


ip Perl timo” 
(‘seoy) | (TBD) 


Z 


S-9EIT A 


(1)069-b 2 
(S)SSE-07 9 
($)S06-11 2 


cETI-6OIT A 


(1)ZL-b-69-% 2 
(1)¥-1Z 

-61-:07 9 
(22-71 

-IL:II 0 


einen 


(y) siajowesied [[9D 


23H[0H 


o}1JeTJOWUING 


jeroulyy 


Refs. p. 54 


49 


The Minerals of Boron 


66L “96L ‘S6L ‘80b | ¥S-S 


OLL ‘O€9 ‘901 | #9-9 


v6I | 9-9 


ssou 


SOOUdIIJOY -piey 


SuOI}S ‘A>4 


SsapINo[oo 


097-0 AZ 
696:I-€96-1 4 
6961-0961 g 
$96:1-096-1 2 
(+) xelg 
SSo[INMOo]oOs 
o6L-SL AZ 
169:I-189-1 4 
$99-I-LS9-l gf 
879-I-0P9-1 2 
(+) xvig 


us013 oyed 
999-|  & 
2S9-,  @ 


(—) xerug, | U,(00T1) 


SS3JINOJOD 7 
ssojInojod x 
MOIRA XxX 


sorjiodoid jeondo 


($9) €vI-~ 
(¢9) L6C°C 
(OL) 18-€ 
(08) 6°~ 
(08) eS-€ 
u (001) SPE 18-€ 
(Ov) €18-c 
(0s) 90E-€ 
(09) 168°C 
(OL) LESS. 
(06) S¥-8 60-€ 
u,(001) CCCP —SO-E cae 
(S¢) S-01 
(os) 61-7 
(0s) €08-7 
(08) PLY-t 
(06) LEDS 
61-7 6C°€ ECE 
(v7) (ats 
I (y) P (g -W9 8) 
(ses) | Cred) 
eyep 
JopmMod Aevl-X AyIsuog 


(panuiju0d)—"T] 2190 


pres (o) 


9 


eyep ON 
¢-881I-9-08II A 
Octo 
—91 £6 g 
807-L-I61-L 2 
vS8-9I-PI8-91 9 
008-6-18L:6 2 


O-LEST A 


(L)SEv-Ol 2 
(OISSL:91 2 


einen 


(y) srojourered |129 


(2) 


ulZ)D 
OUND 


xed 


Sexo 


we | | | He es 
_————— 


dnoi3 
aoeds 
pue 
WI9}SAS 


O}1YS}JOTVAH 


ojusydsoonsy] 


oyueysualy 


[esoUly 


Refs. p. 54 


Boron 


Table III.—The Minerals of Boron arranged Alphabetically 


Mineral 


Aksaite 
Aldzhanite 
Ameghinite 
Ammonioborite 
Aristarainite 
Avogadrite 
Axinite (Group) 
Azoproite 
Bakerite 


Bandylite 
Behierite 
Berborite 
Biringuccite 
Bonaccordite 
Boracite 
Borax 
Borcarite 
Braitschite 
Buergerite 


Cahnite 
Calciborite 
Cappelenite 


Carboborite 
Caryocerite 


Chambersite 
Chelkarite 
Colemanite 
Congolite 
Danburite 
Datolite 


Datolite (Group) 
Dravite 


Dumortierite 
Elbaite 


Ericaite 
Ezcurrite 
Fabianite 
Ferroaxinite 


Ferruccite 
Fluoborite 
Frolovite 
Gadolinite (Boron 
bearing) 
Garrelsite 
Gaudefroyite 
Ginorite 
Gowerite 
Grandidierite 
Halurgite 
Hambergite 
Harkerite 
Heidornite 
Hellandite 


Hilgardite 
Holtite 
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Composition 
(Table I) 


Borate, Mg 
Borate with halogen 
Borate, Na 
Borate, NH, 
Borate, Na 
Fluoborate, K 
Borosilicate, Ca 
Borate, Fe and Mg 
Borosilicate, Ca 
Datolite group 
Borate with halogen 
Borate, Ta 
Borate, Be 
Borate, Na 
Borate, Fe and Ni 
Borate with halogen 
Borate, Na 
Borate with carbonate 
Borate, Na and Ca 
Borosilicate, Na 
Tourmaline group 
Borate with arsenate 
Borate, Ca 
Borosilicate, Ca and 
RE 
Borate with carbonate 
Borosilicate, Ca and 
RE 
Borate with halogen 
Borate with halogen 
Borate, Ca 
Borate with halogen 
Borosilicate, Ca 
Borosilicate, Ca 
Datolite group 
Borosilicate, Ca 
Borosilicate, Na 
Tourmaline group 
Borosilicate, Al 
Borosilicate, Na 
Tourmaline group 
Borate with halogen 
Borate, Na 
Borate, Ca 
Borosilicate, Ca 
Axinite group 
Fluoborate, Na 
Borate with halogen 
Borate, Ca 
Borosilicate, Ca 
Datolite group 
Silicoborate 
Borate with carbonate 
Borate, Ca 
Borate, Ca 
Borosilicate, Al 
Borate, Mg 
Borate, Be 
Borosilicate, Ca 
Borate with sulphate 
Borosilicate, Ca and 
RE 
Borate with halogen 
Borosilicate, Al 


Mineral 


Homilite 


Howlite 
Hulsite 
Hungchaoite 
Hyalotekite 
Hydroboracite 
Hydrochlorborite 
Inderborite 
Inderite 
Inyoite 
Ivanovite 
Jeremejevite 
Jimboite 
Johachidolite 
Kaliborite 
Kernite 
Kornerupine 
Korzhinskite 
Kotoite 
Kurchatovite 
Kurgantaite 
Kurnakovite 
Larderellite 
Leucosphenite 
Ludwigite 
Liineburgite 
Manandonite 
Manganaxinite 


Mceallisterite 
Melanocerite 


Metaborite 
Meyerhofferite 
‘Mineral A’ 


‘Mineral X’ 
Nasinite 
Nifontovite 
Nobleite 
Nordenskidldine 
Olshanskyite 
Orthopinakiolite 
Painite 
Parahilgardite 
Pentahydroborite 
Pinakiolite 
Pinnoite 
Preobrazhenskite 
Priceite 
Probertite 
p-Veatchite 
Reedmergnerite 
Rhodizite 
Rivadavite 
Roweite 
Sakhaite 
Santite 

Sassolite 
Satimolite 
Sborgite 

Schorl 


Composition 
(Table I) 


Borosilicate, Ca 
Datolite group 

Silicoborate 

Borate, Fe and Mg 

Borate, Mg 

Borosilicate, Pb 

Borate, Mg and Ca 

Borate with halogen 

Borate, Mg and Ca 

Borate, Mg 

Borate, Ca 

Borate with halogen 

Borate, Al 

Borate, Mn 

Borate, Al 

Borate, Mg 

Borate, Na 

Borosilicate, Al 

Borate, Ca 

Borate, Mg 

Borate, Mg and Ca 

Borate, Ca and Sr 

Borate, Mg 

Borate, NH, 

Borosilicate, Ba 

Borate, Fe and Mg 

Borate with phosphate 

Borosilicate, Li 

Borosilicate, Ca 
Axinite group 

Borate, Mg 

Borosilicate, Ca and 
RE 

Boric acid 

Borate, Ca 

Borosilicate, Ca 
Datolite group 

Borate, Mn 

Borate, Na 

Borate, Ca 

Borate, Ca 

Borate, Sn 

Borate, Ca 

Borate, Mn 

Borosilicate, Al 

Borate with halogen 

Borate, Ca 

Borate, Mn 

Borate, Mg 

Borate, Mg 

Borate, Ca 

Borate, Na and Ca 

Borate, Sr 

Borosilicate, Na 

Borate, Be 

Borate, Na 

Borate, Mn 

Borate with carbonate 

Borate, K 

Boric acid 

Borate with halogen 

Borate, Na 

Borosilicate, Na 
Tourmaline group 
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Mineral 


Seamanite 
Searlesite 
Serendibite 
Sibirskite 
Sinhalite 
Solongoite 
Spencite 


Stillwellite 


Strontioborite 
Strontioginorite 
Strontiohilgardite 
Suanite 
Sulfoborite 
Sussexite 
Szaibelyite 
Tadzhikite 


Teepleite 
Tertschite 
Teruggite 
Tienshanite 
Tincalconite 
Tinzenite 


Tourmaline (Group) 


Composition 
(Table I) 


Borate with phosphate 
Borosilicate, Na 
Borosilicate, Al 
Borate, Ca 

Borate, Al 

Borate with halogen 
Borosilicate, Ca and 


Borosilicate, Ca and 


Borate, Sr 

Borate, Ca and Sr 
Borate with halogen 
Borate, Mg 

Borate with sulphate 
Borate, Mn 

Borate, Mg 
Borosilicate, Ca and 


Borate with halogen 
Borate, Ca 
Borate with arsenate 
Borosilicate, Ba 
Borate, Na 
Borosilicate, Ca 
Axinite group 
Borosilicate, Na 


Mineral 


Tritomite 
Tsilaisite 


Tunellite 

Tyretskite 

Ulexite 

Unnamed mineral 
(‘Mineral A’, 
‘Tadzhik mineral’) 

Unnamed mineral 
(‘Mineral X’) 

Unnamed mineral 
(Voronova ef al., 
693) 

Uralborite 

Uvite 


Veatchite 
p-Veatchite 
Vimsite 
Volkovskite 
Vonsenite 
Wardsmithite 
Warwickite 
Wightmanite 
Wiserite 


Composition 
(Table I) 


Borosilicate, Ca and 


Borosilicate, Na 
Tourmaline group 

Borate, Sr 

Borate, Ca 

Borate, Na and Ca 

Borosilicate, Ca 
Datolite group 


Borate, Mn 


Borate, Ca and Sr 


Borate, Ca 

Borosilicate, Na 
Tourmaline group 

Borate, Sr 

Borate, Sr 

Borate, Ca 

Borate, Ca 

Borate, Fe and Mg 

Borate, Mg and Ca 

Borate, Fe and Mg 

Borate, Mg 

Borate, Mn 


Table IV.—The Minerals of Boron: Synonymy 


rej.: Name rejected by the International Mineralogical Association: Commission on New Minerals 


and Mineral Names. 


sp.: Misspelling, variant spelling or transliteration (usually from Russian or Chinese). 


Synonym; variety 


Achroite 
Afterschorl 
Aksynit 
Alumoferroascharite 
Aphrizite 
Aphryzite 
Apyrite 
Ascharite 
Ascharite-alpha 
Aschentrecker 
Aschenzieher 
Ash-drawer 
Atincar 
Auger’s borate 
Avogadroite 
Balavinskite 
Baurach 
Baurak 
Bechilite 
Bechilith 
Bementite 
Beta-ascharite 
Bodyite 
Boracite-alpha 


Mineral 
(Table IIT) 


(Elbaite) 

(Axinite Group) 
(Axinite Group) 
(rej.; Szaibelyite) 
(Schorl) 

(Schorl) 

(Elbaite) 
(Szaibelyite) 
(Szaibelyite) 
(Tourmaline Group) 
(Tourmaline Group) 
(Tourmaline Group) 
(Borax) 

(Nasinite) 
(Avogadrite) 

(rej.) 

(Borax) 

(Borax) 

(mixture) 
(bechilite) 
(Danburite) 
(Szaibelyite) 

(sp.; Probertite) 
(Boracite) 


Synonyn;; variety 


Borazit 
Borocalcite 
Boromagnesite 
Boronatrocalcite 
Boron-edenite 


Boron-phlogopite 


Borras 

Borspar 

Botriolite 
Botryolite 
Boydite 

Brazilian chrysolite 
Brazilian emerald 
Brazilian ruby 
Brazilian sapphire 
Breislachite 
Breislakite 
Calchydroborite 
Calcibeborosilite 


Mineral 
(Table III) 


(Boracite) 
(Ulexite) 
(Szaibelyite) 
(Ulexite) 
(boron-bearing eden- 
ite; synthetic) 
(boron-bearing phlo- 
gopite; synthetic) 
(Borax) 
(Colemanite) 
(Datolite) 
(Datolite) 
(Probertite) 
(Tourmaline Group) 
(Tourmaline Group) 
(Tourmaline Group) 
(Tourmaline Group) 
(Vonsenite) 
(Vonsenite) 
(Pentahydroborite) 
(Unnamed mineral; 
‘Mineral A’) 
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Table IV.—(continued) 


Synonym; variety 


Calciborite I 


Calciborite II 


Mineral 
(Table III) 


(synthetic Ca borate; 


not known as 
mineral) 
(Calciborite) 


Calcium boratosilicate (Datolite) 


Calcium edingtonite 


Calcium hilgardite 
2M(Cc) 

Calcium hilgardite 
3Tc 

Calcybeborosillite 


Camsellite 
Cerhomilite 


Chaux-boratée- 
siliceuse 
Chrome-tourmaline 


(Cahnite) 
(rej.; Hilgardite) 


(rej.; Parahilgardite) 

(Unnamed mineral; 
‘Mineral A’) 

(Szaibelyite) 

(cerian gadolinite?, 
652) 


(Datolite) 
(Dravite; Schorl) 


Chrysocolla (Agricola) (Borax) 


Chuntschshaoit 
Cockle 
Collbranite 
Coronite (Hunt) 
Cotoite 

Cotton ball 
Criptomorphite 
Cryptomorphite 
Cuboboracite 
Cubochambersite 
Cuboericaite 
Cyclopeite 
Cyprine 


Daourite 
Datholite 
Daurite 
Distome spar 
Dystome spar 
Eichwaldite 
Eicotourmaline 
Eisenboracit 
Eisenstassfurtit 
Enceladite 
Erdmannite (Berlin) 
Eremeevite 
Eremeyevite 
Eremyeevite 
Esmarkite (Haus- 
mann) 
Ettringite 
Eukotourmaline 
Faserdatolith 
Feraxinite 
Ferroludwigite 
Ferrovonsenite 
Franklandite 
Frolowit 
Gadolinite 


Galurgite 
Glasschorl 
Gouvernit 
Gouverneurite 
Grape-stone 
Haungchaoite 
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(sp.; Hungchaoite) 
(Tourmaline Group) 
(Ludwigite) 
(Dravite) 
(sp.; Kotoite) 
(Ulexite) 
(Ginorite) 
(Ginorite; Ulexite) 
(Boracite) 
(Chambersite) 
(Ericaite) 
(Vonsenite) 
(idocrase, boron 
bearing) 
(Elbaite) 
(Datolite) 
(Elbaite) 
(Datolite) 
(Datolite) 
(Jeremejevite) 
(Tourmaline Group) 
(Congolite; Ericaite) 
(Congolite; Ericaite) 
(Warwickite) 
(mixture) 
(sp.; Jeremejevite) 
(sp.; Jeremejevite) 
(sp.; Jeremejevite) 


(Datolite) 

(boron bearing) 

(Tourmaline Group) 

(Datolite) 

(sp.; Ferroaxinite) 

(Vonsenite) 

(Vonsenite) 

(Ulexite) 

(sp.; Frolovite) 

(boron bearing; 
Datolite Group) 

(sp.; Halurgite) 

(Axinite Group) 

(sp.; Dravite) 

(Dravite) 

(Datolite) 

(sp.; Hungchaoite) 


Synonym; variety 


Hayesine (Bechi) 
Hayesine (Dana) 
Hayesine (Forbes) 
Hayesinit 

Hayesite 

Haysenite 

Heintzite 

Hintzeite 

Hoeferite (Cipriani) 
Holtonite 
Huangtsaoite 
Humboldtite (Lévy) 
Hungtsaoite 
Huyssenite 

Hyalite (Klaproth) 
Hydroascharit 
Hydroborocalcite 
Hydrochlorbechilite 
Hydroxyl-ascharite 
Hydroxyl-szajbelyite 
Idocrase 

Indicolite 
Indigolite 

Iochroite 

Iron boracite 
Iwanowit 

Janolite 
Jeremeievite 
Jeremeiewite 
Jeremejeffite 
Jeremejeit 
Jeremejewit 
Jochroite 


Khaulite 
Kornerupite 
Kramerite 
Kryptomerite 
Kryptomorphit 
Kurnakowit 
Lagonite 

Lagunite 
Lardellerite 
Lesserite 
Li-tourmaline 
Lithia tourmaline 
Lithium tourmaline 
Ludwigite-aluminifere 


_Lueneburgite 


Liineburger Sedativ- 
salz 
Macallisterite 
Magalborite 
Maghydroxyborite 
Magnesioludwigite 
Magnesiosussexite 
Magnesium-axinite 
Magnesium roweite 
Magnesium-sussexite 
Magnioborite 
Magniohydroborite 
Magnodravite 
Magnohydroborite 
Manganboracit 


Mineral 
(Table III) 


(bechilite) 
(Ulexite) 
(bechilite) 
(sp.; hayesine) 
(sp.; hayesine) 
(sp.; hayesine) 
(Kaliborite) 
(Kaliborite) 
(rej.; Biringuccite) 
(Kotoite) 
(sp.; Hungchaoite) 
(Datolite) 
(sp.; Hungchaoite) 
(Congolite; Ericaite) 
(Axinite) 
(rej.; Szaibelyite) 
(hayesine) 
(Hydrochlorborite) 
(rej.; Szaibelyite) 
(rej.; Szaibelyite) 
(boron bearing) 
(Elbaite) 
(Elbaite) 
(Tourmaline Group) 
(Congolite; Ericaite) 
(sp.; Ivanovite) 
(Axinite Group) 
(sp.; Jeremejevite) 
(sp.; Jeremejevite) 
(sp.; Jeremejevite) 
(sp.; Jeremejevite) 
(sp.; Jeremejevite) 
(sp.; Tourmaline 
Group) 
(sp.; Howlite) 
(sp.; Kornerupine) 
(Probertite) 
(discarded name) 
(Ginorite) 
(sp.; Kurnakovite) 
(mixture) 
(sp.; lagonite) 
(sp.; Larderellite) 
(rej.; Inderite) 
(Elbaite) 
(Elbaite) 
(Elbaite) 
(Ludwigite) 
(sp.; Liineburgite) 


(Boracite) 
(Mcallisterite) 
(Sinhalite) 
(Wightmanite) 
(Ludwigite) 
(Szaibelyite) 
(Ferroaxinite) 
(magnesian Roweite) 
(Szaibelyite) 
(rej.; Suanite) 
(Halurgite) 
(rej.; Dravite) 
(Halurgite) 
(Chambersite ; 
Ericaite) 
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Synonym; variety 


Mangan-ludwigite 
Manganoaxinite 
Manganseverginite 
Metaboracite 
Metahydroboracite 
Metakernite 


Micallisterite 
Mineral B 
(Woodford, 1940) 
Mineral H 
(Woodford, 1940) 
Mineral (of Thomp- 
son and Gower, 
1954) 
Mohavite 
Naborosilite 
Natroborocalcite 
Natrocalcite 
(Uttinger) 
Natrohydroborite 
Natronborocalcite 
Neocolemanite 
Noceran 
Nocerina 
Nocerite 
Nordenskioeldite 
Nordenskioldite 
Octahedral borax 
Oisanite (Klaproth) 
Oisannite 
Olshanskyte 
Paigeite 
Pandermite 


Parasite 
Paraveatchite 
Paternoite 
Pierrepontite 
Preobatschenskit 
Preobrajenskite 
Preobrazhensquite 
Prismatine 
Proberite 
Raphite 
Rasorite 

Red schorl 
Rhodicit 
Rubellite 
Sachaite 
Sapphirine 
Sassolin 

Schirl 

Schorl 

Schorlite 
Schorlite (Hunt) 
Schor]l violet 
Schurl 
Sedativ-Spath 
Severginite 
Sewerginit 
Shorl 

Siberite 


Mineral 
(Table IIT) 


(Pinakiolite) 

(sp.; Manganaxinite) 

(Tinzenite) 

(Boracite) 

(Inderborite) 

(synthetic Na borate; 
not known as 
mineral) 

(sp.; Mcallisterite) 


(Ludwigite) 


(Tourmaline Group) 


(Hulsite) 
(Tincalconite) 
(Reedmergnerite) 
(Ulexite) 


(Datolite) 

(Borax) 

(Ulexite) 

(Colemanite) 

(sp.; Fluoborite) 

(sp.; Fluoborite) 

(Fluoborite) 

(sp.; Nordenskidldine) 

(sp.; Nordenskidldine) 

(Tincalconite) 

(Axinite Group) 

(sp.; Axinite Group) 

(sp.; Olshanskyite) 

(Vonsenite) 

(mixture of Coleman- 
ite, Howlite, and 
Priceite; 797) 

(Boracite) 

(p-Veatchite) 

(Kaliborite) 

(Schorl) 

(sp.; Preobrazhenskite) 

(sp.; Preobrazhenskite) 

(sp.; Preobrazhenskite) 

(Kornerupine) 

(sp.; Probertite) 

(Ulexite) 

(Kernite) 

(Elbaite) 

(sp.; Rhodizite) 

(Elbaite) 

(sp.; Sakhaite) 

(boron bearing) 

(Sassolite) 

(sp.; Schorl) 

(sp.; Schorl) 

(sp.; Schorl) 

(sp.; Schorl) 

(Axinite Group) 

(sp.; Schorl) 

(Boracite) 

(Manganaxinite) 

(sp.; Manganaxinite) 

(sp.; Schorl) 

(Elbaite) 


Synonym; variety 


Sideroborine 
Sieberite 
Silicoborocalcite 
Sirlesit 
Sirlezite 
Sjajbelit 
Soda-dravite 
Stangenschorl 
Stassfurthite 
Stassfurtite 
Stiberite 
Stiborite 
Stillbellite 
Strontiohilgardite- 
1Tc 
Strontium-ginorite 
Suhr’s borate 
Sulphoborite 
Sverginite 
Szajbelit 
Szajbelyite 
Tadzhikite, Type I 


Tadzhikite, Type II 
Taltalite 

Tanborite 
Thumerstein 
Thumerstone 
Thumite 
Thummerstone 
Tincal 

Tincalzite 

Tinkal 

Tinkalcit 

Tinkalite 
Tinkalkonit 
Tinkalzit 

Titanium lugwigite 
Titantourmaline 
Tiza 

Tourmalinite 


Triclinohilgardite 
Trigonomagneborite 
Tritomite-(Ce) 
Tritomite-(Y) 

Tumite 

Turamali 
Vanadium-tourmaline 
P-veatchite 

Verdelite 

Vesuvian (Werner) 


Vesuvianite 
Vesuvian-jade 
Viluite 


Volkovite 
Wilouite 


Wiluite (Von 
Leonhard) 
Winkworthite 


Mineral 
(Table ITT) 


(lagonite) 

(Elbaite) 

(Howlite) 

(sp.; Searlesite) 

(sp.; Searlesite) 

(sp.; Szaibelyite) 

(Dravite) 

(Tourmaline Group) 

(sp.; Boracite) 

(Boracite) 

(Ulexite) 

(Ulexite) 

(sp.; Stillwellite) 

(rej.; Strontio- 
Hilgardite) 

(Strontioginorite) 

(Ezcurrite) 

(sp.; Sulfoborite) 

(Manganaxinite) 

(sp.; Szaibelyite) 

(sp.; Szaibelyite) 

(name ?; partial des- 
cription, 199) 

(Tadzhikite, 199) 

(Tourmaline Group) 

(Behierite) 

(Axinite Group) 

(Axinite Group) 

(Axinite Group) 

(Axinite Group) 

(Borax) 

(Ulexite) 

(Borax) 

(Ulexite) 

(Borax) 

(sp.; Tincalconite) 

(sp.; Ulexite) 

(Ludwigite) 

(Tourmaline Group) 

(Ulexite) 

(sp.; Tourmaline 
Group) 

(Parahilgardite) 

(Mcallisterite) 

(Tritomite) 

(Spencite) 

(sp.; Axinite Group) 

(Tourmaline Group) 

(Tourmaline Group) 

(p-Veatchite) 

(Elbaite) 

(idocrase, boron 
bearing) 

(idocrase, boron 
bearing) 

(idocrase, boron 
bearing) 

(idocrase, boron 
bearing) 

(Strontioginorite) 

(sp.; idocrase, boron 
bearing) 

(sp.; idocrase, boron 
bearing) 

(Howlite) 
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Synonym; variety Mineral Synonym; variety Mineral 
(Table III) (Table IIT) 

Wolkowit (sp.; Strontioginorite) Yeremeyevite (sp.; Jeremejevite) 
Wurfelstein (Boracite) Yonolite (sp.; Axinite Group) 
Xeuxite (sp.; Tourmaline Zala (Borax) 

Group) Zeuxite (Tourmaline Group) 
Yanolite (Axinite Group) 
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SECTION A2 


BORON GEOCHEMISTRY 


BY VINCENT MORGAN 


Several relatively complete monographs on the geochemistry of boron have been 
published. Notable among these are Goldschmidt and Peters, 1932°°°; Gmelin, 
1935; Hermann Harder, 1959, 1961 49° 444 (three parts); Maurice, 1966979; Alek- 
sandrov, Barsukov and Shcherbina.'1°° The origin, mode of occurrence, distribu- 
tion and relationship of boron with other geological materials has been the subject 
of much intensive investigation throughout the world during the last few decades. 
Additionally, several thousand papers have been published on the subject of boron. 
The following is an attempt to correlate the most significant of these. 


THE OCCURRENCE OF BORON 


Boron is a relatively rare element in the cosmos, its abundance being estimated at 
about 6:2 to 24 boron atoms per 10° atoms of silicon®’?, and until quite recently it 
was undetected outside of terrestrial occurrences. Now, however, it is known to 
occur in low concentration throughout the universe, having been detected in many 
stars including the sun, in meteorites, moon rocks and the earth’s atmosphere 
(including rain, snow and dust); in the waters, rocks and soils of the earth; and in life 
forms, both current and fossil. Part of the detection problem was the lack of suffici- 
ently sophisticated methods for the estimation of low concentrations of boron and 
the interference of the earth’s atmosphere in making measurements of stellar 
occurrences. 

For the most part, the boron concentration is low, averaging perhaps 10 to 13 p.p.m. 
of boron in that part of the earth’s crust available for investigation (atmosphere, 
hydrosphere and the outer ten miles of the crust).49!’ 8° 978 987 | ocal concentrations 
of many millions of tons are known; see Concentration of Boron, p. 111. 

Boron does not occur on earth as the native element, but is always combined with 
oxygen and a metal to form borates, borosilicates, etc.; with oxygen and hydrogen to 
form ortho- or meta-boric acid; with a halogen, or with oxygen and a halogen. Both | 
hydrous and anhydrous boron minerals occur in nature; see Section Al. There seems 
to be no simple relationship between the number of mineral species formed by an 
element and its abundance. Rather the crystallochemical parameters (ionic radius, 
electronegativity, valence, coordination number) seem to be most important.99° 99° 
Boron is continually being moved about, according to what is known as the ‘boron 
cycle’. The principal primordial source of the boron was probably the magmas. 
During geological time it has been carried to the earth’s surface with volcanic ex- 
halations and lavas, and through hydrothermal processes in hot springs, geysers, 
etc.°°° °8° A greatly simplified ‘boron cycle’ diagram is given as Fig. 1. Actually the 
boron cycle is immensely more complicated; the hydrosphere consists of seas, rivers 
and ground waters, and the lithosphere may be subdivided into unconsolidated 
sediments, sedimentary rocks, metamorphic rocks, acidic, intermediate and basic 
magmas, and acidic and basic magmatic rocks. Boron is cycled among all of these. A 
number of authors have published versions of the boron cycle.*4* 971) 998: 1036 
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Fic. 1.—Simplified boron cycle 


BORON IN SPACE 


For a great many years, the presence of boron in stars and the sun was not ob- 
served.°’° More recently, with the advent of systems for making observations sub- 
stantially without interference from the earth’s atmosphere, such as balloon-borne, 
rocket-borne andsatellite-borne observatories, and with the refinement of observation 
techniques, the presence of boron in the sun, in numerous stars, and in the space 
between the stars has been confirmed. The spectra due to boron vary with the type of 
source, the source temperature and magnetic field intensity.28 17B has been detected 
in red giants *+; spectrograms of Sirius show the presence of neutral or singly ionized 
boron?’, and the spectrum of Antares shows the presence of boron compounds.?? 
Boron has been confirmed in spectra of sunspots and the solar atmosphere+~?, much 
of the boron being present as BH and BO.®®2 

The abundance of the ‘L’ elements (lithium, beryllium and boron) is very much 
less in the stars than would be expected from the abundance of neighbouring elements 
in the periodic system 18: 662; 1040,1113" producing what is termed the ‘L-element 
anomaly’; see Fig. 2. This is attributed in part to the ease with which their nuclei are 
disintegrated during nucleon genesis®’*? by processes occurring at high tempera- 
tures of stellar interiors?®, to the destruction of boron by proton collision, 
etc.* 2° 27,662 Boron is apparently formed by several mechanisms in different types 
of stars?®°: by proton capture by lighter elements in hot stars with a temperature 
greater than 20 x 10° K*’?°, and by spallation reactions from carbon, nitrogen and 
oxygen in hot spots in stellar atmospheres of nuclear stars!° and magnetic stars.1% 18 
Theoretical energy considerations require a source for ‘L’ elements (lithium, beryl- 
lium, boron) other than autogenetic, each atom requiring an energy of formation 
equivalent to the acceleration of about | erg of fast protons, which energy is unlikely 
to be available in a star of type T-Tauri, for example, but would be available in strong 
cosmic-ray sources, such as supernove, pulsars, flare stars, etc.°°! The variation of 
light intensity of the Cepheid variable stars has been ascribed in part to protonic 
reactions with boron.® 

Recent high-altitude cosmic-ray observations have confirmed the presence of 
boron nuclei in outer space ®&-® 11-14: 17; 25, 29,32, with up to 1000 times the expected 
abundance based on stellar observations’*, and at kinetic energies greater than 
1:5 x 10° eV, up to 2 x 10° times the general thermal abundance for the ‘L’ elements 
considered together.’” The relative abundance of boron in primary cosmic radiation, 
relative to all nuclei heavier than 2, at these same energy levels, has been established 
as 7:4 to 11-9°%, and relative to carbon as 24:6 to 47:4%.1" Most of the ‘L’ elements 
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Fic. 2.—Schematic curve of atomic abundances as a function of atomic weight, based on 
the data of Suess and Urey?°*°, as given by Fowler.18* The ‘L’ elements are circled 


may have been made during an initial period of intense stellar activity by strong 
sources such as supernove, pulsars, flare stars, etc., and largely diffused in space.®*? 

Prior to the Apollo space programme, the only ‘in hand’ evidence of the composi- 
tion of extra-terrestrial matter was from the analysis of meteorites.1°°? Those known 
as the chondrite variety of aerolites (stony meteorites) show by far the greatest per- 
centage of observed falls, are reasonably uniform in chemical composition and are 
believed to be more representative of planetismal matter than are the other meteorite 
varieties .29-4: 660 

Recent boron determinations on a number of meteorites, using a newly developed 
fluorometric analytical method sensitive to about +1x10~° g of boron, gave the 
values shown in Table I. All boron determinations were made in quadruplicate, with 
duplicate blanks.’%° 

Other investigators have reported values averaging 1:8, 2:7, 5:2and 7:1 p.p.m. boron 
for chondrites °%?: ©°4: 673, and less than 0-04 to 1:6 p.p.m. boron for the iron varieties, 
with the boron concentrating with the nickel.??: °°? It has been suggested that the 
differences in boron content of the chondrites (including carbonaceous chondrites) 
and other types of meteorites may be due to differences in the mode of forma- 
tion.?*°73 The average boron content of all types of meteorites considered together 
has been estimated to be 1-5 p.p.m.®°? A series of 25 tektites, which may or may not 
be meteoritic in origin, range from 6:1 to 53-0 p.p.m. boron and average 21-°8.1°98 

Analysis of rock samples returned by Apollo 11 from ‘Tranquillity Base’ on the 
moon gave the results in Table II. These values are in general agreement with the 
boron concentration found in many rock types on earth. 
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Table I.—Boron Content of Meteorites. (Condensed from Table I, Ref. ™°°) 


No. of Type Boron content, 
meteorites p.p.m. 
Average 
Pe’ Bronzite chondrites . . 1:24 
24 (Same, but with highest value omitted) ' . 0-82 
10 Hypersthene chondrites ‘ : 0:74 
4 Achondrites . : 0:71 
4 Carbonaceous chondrites . . 7:76 
4 Enstatite chondrites ° : 0-60 
10 Bronzite chondrites with light-dark structure : 0:54 
2 Iron ; 0-025 
Table II.—Boron Content of Lunar Materials 
Type of rock A B C 
Characteristics Fine- Coarse- Breccia Reference 
| grained grained number 
vesicular | crystalline 
Analytical Method 
Emission spectrography* N.d. N.d. 666 
Fluorescence 0:8 OT, be 665 
Mass spectrometry 1, 4, 4 29 667 


* Lower limit of detection was 10 p.p.m. B (13 samples). 


BORON IN THE EARTH’S ATMOSPHERE 


Data on the boron content of the earth’s atmosphere are scarce, the determination 
apparently having been made only in recent years. Rain and snow have now been 
shown to contain all of the major and some of the minor inorganic constituents of 
ground-water, including boron.®® ®"* Most of the boron is present as orthoboric acid, 
H;BO3;*°, and is associated with atmospheric moisture. Various sources for the boron 
have been suggested; these include sea spray °”, volcanic and hot-spring emanations, 
airborne dust%%®75, industrial pollution, smoke, exhalations of plants, etc.*” 48 
Probably all of these contribute, but the greatest source seems to be actual evapora- 
tion of boric acid from sea-water, in which there is an appreciable boric acid vapour 
pressure. The condensate from sea water evaporated at low temperatures contains 
boric acid in about the same concentration as that found in river waters in areas of 
low boron ground concentration, such as the Pacific north-west region of the United 
States, but it contains no chloride.*® °? 

The atmospheric boron content shows a wide variation from place to place, and 
sometimes from time to time at the same place. For example, in France in 1955 the 
boron content of rain varied from 0-002 to 0:0045 mg of boron per litre **, which is 
one-fiftieth to one-twentieth of the 0-1 mg of boron per litre reported from Japan for 
both rain and snow.?4-%® 38-105 This large variation in the boron content of rain and 
snow in geographically diverse locations is due at least in part to the temperature 
variation of the sea from which the water (and boric acid) evaporated.°? Some 
investigators report that the boron content of rain decreases with time during a 
rainstorm ®®, while others state that the boron content of the rain, unlike the chloride 
content, shows no regular pattern.°”’ °’* The B/CI ratio reported for rainfall in Japan 
at various times and places ranges from 27 x 10~* to 420 x 1074, about 12 to 180 
times the B/Cl ratio for sea water, which is nearly constant at 2:25 x 10~+.°° 
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The boron carried to the earth’s surface by rain and snow contributes to the boron 
content of the soil. One investigator calculates that the boron content of rain falling 
in France ranges from 13 to 30 g of boron per hectare per year, which is about 
one-fifth of the boron uptake of intensively cultivated crops.?* 

Boron has been found from ground level to extreme heights. A rocket-borne mass 
spectrometer recorded the presence of 1°B at heights of 100 to 210 km; this boron 
originates from cosmic radiation from deep space.®° 


BORON IN THE HYDROSPHERE 


The hydrosphere, consisting of all the ‘watery’ parts of the earth, may con- 
veniently be divided into several parts for ease of treatment. These are the seas and 
oceans, rivers and fresh-water lakes, saline lakes, continental ice, and ground waters 
of various types.°°? These will, for the most part, be considered separately. 


Boron in the Sea 


About 98% of the earth’s water is in the world ocean, leaving only about 2°% for all 
other waters. The total amount of ocean and sea water has been estimated to be 
about 1-37 x 10° km® ®°°, which, using Clarke’s mean density of 1-03 ®!, gives a total 
weight of 1-41 x 107° tons, of which about 96:5°% is water and 3:5% is dissolved 
salts. Of this total, boron makes up about 0:014°%, giving approximately 7 x 1012 tons 
of boron in the world ocean®!, or equivalently about 40x 1022 tons of H3BOs. 
Orthoboricacid is the formin which most of the boron is present in sea water ** #8 6° 63. 
although some is also present in the form of organic complexes.*°*5?: 53,4189 The 
inorganic boron concentration in sea water varies in nearly direct ratio to the salinity 
the world over, being about 0-00024 g of boron per g of total halogen expressed as 
C] 49: 50, 88, 64, 680, 1041, 1045 With wt. B/wt. Cl=0-000225 °° and wt. B/wt. Br=0-014.626 
Boron has been reported as making up about 0:014% of the total salts in the 
ocean ©8° 1047. but there are local anomalies.*® The actual boron concentration varies 
from about 0-5 mg boron per kg of water in the Baltic Sea** to about 9-6 mg boron 
per kg of water in the Mediterranean Sea °°, perhaps higher elsewhere, and averages 
about 4:6 mg boron per kg of water?"*, which, as expected, is much higher than for 
any river.*”’3*” Some higher values for sea water samples were reported in 1914 and 
1920°°- °°, but these high values may have been due to inaccuracies in the analytical 
methods employed. Many boron determinations have been made on sea water; some 
typical values are given in Table III. 

During geologic time, approximately 600 g of crustal rock, containing about 2 mg 
of boron, has been weathered for each kilogram of water in the world oceans.®®° For a 
salinity of 3-5%% or 35 per mil, the boron concentration is 4-7 mg of boron per kg of 
water. Thus, the total boron in the sea is 240°% of that which could have accumulated 
from the weathering of crustal rocks alone.+°*! This ‘boron surplus’ must then have 
come from sources other than rock weathering, such as volcanic eruptions, or may 
have been present as a volatile constituent of the primordial atmosphere of the 
earth.°°° Boron is continually being added to the sea by rivers and volcanoes and is 
just as continually removed, maintaining a nearly constant boron: salinity ratio over 
many millions of years.*® 914; °78, 754, 763 The sources of the boron being added include 
rivers, springs, marine volcanoes, rain, dust, etc. The total boron entering the sea 
from continental drainage alone has been estimated at 4-0 x 10® kg of boron per 
year.°’® The boron concentration of the sea is neither increasing nor decreasing ®, 
therefore boron must be constantly removed in order to maintain equilibrium. It is 
now known that the hydrous clay-mica i//ite adsorbs boron from sea water in direct 
ratio to the boron concentration in the sea water, thus removing boron as sediments 
are formed.®?’ 919 &78,772 About 3:3 x 10° kg boron per year are removed by this 
clay (illite) adsorption, about 0-3 x 10° kg are removed by biogenic processes and 
0-4 x 10° kg are removed by other processes thus maintaining a constant boron 
balance.®78 
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Table III.—Boron in Sea Water 


Area mg B/kg H2O| B/Chlorinity* | References 
IAPO Standard Sea Water ° 0.00024 676, 1046 
N.E. Pacific, beyond Continental Shelf . 0:000242 40 


Same, including Contin. Shelf waters . 0-000243 40 
Between Calif. and Hawaii; near Florida 


North Atlantic Coast of U.S. . 0:00024 42 
Baltic Sea . . 0:000264 43, 906 
Mediterranean Sea . — 62 
‘Seas around U.S.S.R.’ . 0:000242 47 
Various European 0°82 to 4:8 0-000233 to 49 
0-000248 
Barents Sea 3°8 to 4-1 0-000246 to 53, 906 
0:000259 
Various 0:00024 50 
Western Pacific , a 54 
Pacific 0:00024 52 
India . = 55, 56 
Urado Bay, Japan ° 0:000225 to 58 


0-000244 


Aegean Sea, near Santorin Volcano 
Average of all oceans 


— 819, 820 
0-00024 274, 626, 
1041 


* Chlorinity is defined as the mass of silver required to precipitate the total halogen in 
1 kg of sea water, converted to its chlorine equivalent. !°*° 


There has been a virtually constant boron:salinity ratio in the sea for many 
millions of years, as noted above; since boron is adsorbed by the illite fraction in 
constant ratio to its concentration in the sea water, it is possible to determine the 
salinity of the sea at the time of deposition of marine sediments (paleosalinity) by 
determining the boron content of the illite fraction of the sediments.® 26% 999,319 A 
Knudsen type of equation derived to show this relationship is: 


S = 8B—1, 


where S is the salinity in parts per thousand (per mil) and B is the boron content in 
parts per million.®° 

A retained atmosphere concept would require the existence of a hypothetical pri- 
mordial ocean with at least 20 times as much boron as is currently found. Paleo- 
salinity studies indicate that the boron content of the world ocean has remained 
relatively constant for the last two to three billion years; a gradual accumulation of 
both boron and water by out-gassing of the earth’s interior is more in line with geo- 
logic evidence.®? 

Marine life concentrates boron by factors as great as 200, the highest reported 
concentration being found in the plants Zostera nana (910 mg B/kg), and Z. marina 
(750 mg B/kg), with marine animals showing less concentration (about 1:5 to 
16 mg B/kg); most marine plants contain about 0:01°% of boron dry basis.*® *” The 
shells of some marine animals contain a considerably higher boron concentration *°, 
e.g. up to 1870 mg B/kg for Hydrocorallina sp. Certain Paleozoic brachiopod shells 
contain 30-600 p.p.m. of boron®°’; recent marine mollusc shells showed a higher 
boron content in the aragonitic parts of the shells than in the calcitic parts.?’* This 
concentration of boron by marine organisms, and their subsequent inclusion in 
marine sediments, produces oozes and rocks notably higher in boron content than the 
parent sea; see marine sediments, below. The hard parts of marine animals are often 
preserved in the sediments as fossils. Just as the boron content of the illite fraction 
of the sediments can be used to estimate the salinity of the water in which the sedi- 
ments were laid down (above), the boron content of the animal fossils can be so used. 
This dual relationship provides a means of paleosalinity verification. A fossil boron 
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content greater than 0:011°% B indicates marine fossils, 0-008 to 0:011°% B indicates 
brackish water conditions, and less than 0:008°%% B indicates fresh-water fossils.°° 

The boron present as boric acid in sea water has several functions. Besides being 
necessary for the metabolism of many organisms, it is a chemical buffer, controlling 
the pH within narrow limits, thereby having an important role in the maintenance 
of the alkalinity equilibria between carbon dioxide, carbonates and bicarbonates in 
the sea water °°?:®"", and either directly or indirectly influencing the sedimentation 
process. 

Under suitable conditions, such as at sea-water desalinization plants or sea-salt 
plants remote from commercial boron sources, the bitterns could yield boron (and 
other) salts economically.°”° 


Boron in Rivers and Streams 
The boron content of the water of many rivers and creeks is extremely variable, 
both with time at a given place and with distance from source to mouth. The reasons. 
for these variations are numerous, but the following are particularly significant: 


(a) The variation of the boron content with time at a given station reflects the 
fluctuation of stream flow, due primarily to changes in the weather.® °° 

(b) The boron concentration from place to place along a given stream increases 
because of the introduction of boron-bearing waters from springs and volcanic 
emanations?°°, decaying vegetation?°°, and boron-bearing soils and rock for- 
mations *?°,®°7, and because of evaporation from the stream surface®°; it 
decreases by reason of dilution with water of lower boron content and by 
removal of boron by co-precipitation with hydroxides.®? In many areas, the 
flow from springs is relatively constant throughout the year, the flow-limiting 
factors being largely independent of time and the weather °°®, whereas surface 
runoff is highly dependent on the weather. 


The boron content of most river water is about 1/350 that of sea water.1°”° 
U.S. Department of Agriculture Circular No. 7, 1944, classifies waters according 
to their mineral content and suitability for irrigation as shown in Table IV.1°32 


Table IV 
Class | p.p.m. Dissolved solids voNa* Boron content, p.p.m. | Conductance 
Rox TO ate 
1 Under 700 Under 60 Under 0:5 Under 100 
2 700 to 2000 60 to 75 0:5 to 2:0 100 to 300 
3 Over 2000 . Over 75 Over 2:0 Over 300 


* Proportion of Na to sum of Na+Ca+Mg+K, as equivalents per million, multiplied by 
100. The total dissolved solids is approximately equal to 7K x 10°. 


A description of the three classes is as follows: 


Class 1 water, excellent to good. Suitable for most plants under most conditions. 
Class 2 water, good to injurious. Harmful to sensitive crops. 

Class 3 water, injurious to unsatisfactory. Harmful to most crops and unsatis- 
factory for all but the most tolerant. 


A detailed study of water quality criteria has been published by the State of Cali- 
fornia."°2s 

A number of studies of the boron content of surface streams have been made during 
recent years, mostly in conjunction with agricultural developments, owing to the 
recognition of the important role of boron in plant health. One of the early studies 
was that published in 1931 on the City of Los Angeles water supply from the Owens 
River (plus several other Southern California streams not a part of the above water 
supply system), whose waters were used for farm irrigation.1°° Some of the results of 
this study are given in Table V. 
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Table V.—Variation of the Boron Content (in p.p.m.) of 
Irrigation Waters with Time°° 


Year and Sampling station 
month “ 
Owens River Other streams 
1 7 8 
1928 
Aug. 0-47 0-39 0:39 0:64 0:65 2°48 152 
Sept. 0:56 0:46 0:59 0:66 0:57 0-23 2°61 1-40 
Oct. 0:77 0:64 0:64 0:58 0:66 0:22 3°19 1-65 
Nov. 0:87 0:66 0:86 0-61 0-62 0-23 3:29 1-50 
ae 0-68 0:63 0:60 0:56 0:66 0-21 2:04 1-35 
Jan. 0-80 0-71 0:74 0:67 0:64 0:26 2-09 1:56 
Feb. 0:78 0-67 0:74 0-68 0:67 0-20 0:98 1-38 
Mar 1:26 0:90 1:20 0:74 0-71 0:24 0:91 1-40 
Apr. 0:96 0-76 0-80 0:73 0-73 0:18 0:81 1:39 
May 0-78 0:65 0-62 0-81 0-80 0-15 1-53 1:39 
June 0:72 0:56 0:52 ° 0-73 0:78 0:08 1-88 1:68 
July 0:55 . 0:40 0:68 0-66 0:14 1:98 AIM | 
Aug. 0-14 
Mean 0:77 0:67 0:67 0:68 0-19 1:98 1:54 


Key to sampling stations: 

. Los Angeles Aqueduct, heading near Aberdeen, Calif. 

. Los Angeles Aqueduct, Alabama Gates, near Lone Pine, California. 

. Los Angeles Aqueduct, North Haiwee, near Olancha, California. 

. Los Angeles Aqueduct, South Haiwee, near Olancha, California. 

. Los Angeles Aqueduct, San Fernando Powerhouse. 

. Colorado River at Yuma, Arizona. 

. Sespe Creek, California, at Diversion Dam 4:5 miles above its mouth. 
. Piru Creek at Diversion Dam above Piru, California. 


BHrANAMNBRWNFE 


Stations 1 to 5, inclusive, are along the same stream, with various tributaries in 
between, but little, if any, water enters the system between stations 3 and 5. There is, 
at times, considerable evaporation, particularly from the Haiwee Reservoir, between 
stations 3 and 4. 

Similar studies have been made on many rivers. For instance, a study made on 
August 8 and 9 in 1955 showed that the Saale River in East Germany increased from 
0-024 mg per litre of soluble boron at the headwaters at Eichicht to 0-200 mg per litre 
of soluble boron at Calbe-Ost, by dissolution of boron from formations through 
which it passes; this is more than an eight-fold increase.°°® Subsequent dilution at 
the junction with the Elbe reduced the boron concentration to 0:096 mg of boron 
per litre. 

A particularly interesting study was made in 1969 of the hydrographic net of the 
Rio Bermejo (or Vinchina) in La Roja province of Argentina.’°?” Here, it was found 
that sufficient boron was being introduced into the river to damage agricultural crops, 
particularly grape vines, by various tributaries above the large fresh-water springs at 
La Ramadita and vicinity, upstream from Villa Union. The boron content ranged 
from a high of 4:47 mg of boron per litre (about nine times the permissible limit) 
in the Rio Punilla, near the headwaters, to 1:03 mg of boron per litre just above the 
fresh-water springs, and was reduced to 0-47 mg of boron per litre below the springs, 
considered a safe level for the crops involved. Upstream from the Ramadita springs 
the river water must be supplemented by well water of lower boron content in order 
to avoid boron damage to crops. 

In some places, the boron content of a particular tributary has been found to 
contribute a substantial portion of the boron in a stream. At times, this causes diffi- 
culties, especially during times of low main-stream flow, when run-off water is at a 
minimum and the boron content of the tributary causes the boron content of the main 
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stream to exceed permissible limits.11® This is the situation with Mammoth Creek 
(which becomes Hot Creek along its lower portion) in the Owens Valley of California 
(a tributary of Owens River), whose waters formerly entered Los Angeles Owens 
River water supply, a portion of which was used for citrus irrigation. The problem 
here was solved originally by excluding the waters of the offending tributary, and 
later by impounding during periods of low main-stream flow and slow release during 
times of high main-stream (run-off) flow.71° Details are shown in Table VI, referring 
to a period of unrestricted tributary flow. 


Table VI.—Tributary versus Main-Stream B-Content>°° 


Sample Location Flow Conductance, | Boron content, 
No. cubic ft per | K x 10° at 25°C p.p.m. 
sec 

99 Owens River above junction 100 21:1 0-41 
101 Upper Mammoth Creek 15 9.8 0-02 
100 Lower Mammoth Creek 30 8-8 0-08 

98 Hot Creek 35 59-1 2°32 

93 Owens River below junction — 37-1 1-00 


Exclusion of the waters of Hot Creek reduces the main-stream boron content to a 


satisfactory level. Many similar studies have been made in recent years in various 
parts of the world.2® £9: 76; 88; 97, 100, 104, 106, 125, 127, 133, 235, 294, 375, 376, 696, 712, 730-3, 


735-6, 799, 807, 1020, 1021 


The U.S. Geological Survey has published an extensive and, since 1941, continuing 
annual series of reports on the quality of the water in streams of the United 
States.79° 731, 1006,1047 The only streams in the U.S. showing a boron content of 
1 p.p.m. or greater at any time of the year are located in Utah, Arizona and Cali- 
fornia. Of these sixteen streams, three showed a boron concentration of 1 p.p.m. or 
greater throughout the year, while the remainder varied widely. All of the streams 
with a high boron content are alkaline.°°® The boron content of the waters of these 
sixteen streams is given in Table VII below. Data are for 1964, the latest available at 
the time of writing. 


Table VII.—Streams in Western U.S. which showed a Boron Content of I p.p.m. 
or greater at any time during the year 1964.1°°® 
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Place of sampling Boron content, 


Duchesne River near Randlett, Utah 

Gila River below Gillespie Dam, Arizona 

Lost Creek at mouth, near Aurora, Utah 

San Benito River near Willow Creek School, California 

Arroyo Valle near Livermore, California 

Salt Slough near Los Banos, California 

San Joaquin River at Fremont Ford Bridge, California 

San Joaquin River near Patterson, California 

Italian Slough at Clifton Court Bridge near Byron, 
California 

Indian Slough near Brentwood, California 

Cache Creek near Lower Lake, California 

North Fork Cache Creek near Lower Lake, California 

Cache Creek near Capay, California 

Outlet Creek near Loganvale, California 

Hot Creek, California 

Little Hot Creek, California 


? 


EORSG LOE 


San 
ri 


\O 00 G0 C0 CO GO CO ~1 = 00 00 CO OO GO ~1 00 OO 
Rene RNR nO or OK AWOS 


2 
8 
9 
“, 
Ps 
2 
7 
‘1 
2) 
2 
3 
“9 
1: 


co 


* Only 1 analysis. 
Refs. p. 120 


Boron Geochemistry 81 


The mean boron content of all North American and Norwegian rivers is 0:0116 mg 
of boron per litre.+°?° 

The rivers of the Soviet Union have been extensively analyzed for many minor 
constituents including boron. A condensation of some of the published literature is 
given in Table VIII below. Each basin shown receives the flow of several rivers. 


Table VIII.—Boron Content of the Major Rivers of the Soviet Union.'°" 


Rivers flowing into: Boron content, Tons of boron/year 
p.p.m. 

Baltic Sea 0:009-0-030 2,060 
Black Sea and Sea of Asov Basins 0-013-0-081 5,200 
Aral-Caspian Basin 0-:033-0-096 19,800 
Barents and Beloye Sea Basins 0-009-0-022 5,120 
Kara Sea Basin 0-011-0-022 18,400 
Laptev, East Siberian and Chukchi Sea 

Basins 0:010—0-015 12,300 
Bering, Okhotsk and Japan Sea Basins 0-005-0-009 7,500 
Total for territory of the U.S.S.R. 50,600 


In general, fresh-water systems retain most of their inorganic boron content, except 
that which is precipitated as hydroxides or removed by organisms, until the water 
reaches the sea, whereupon changes in salinity and pH promote boron removal by 
incorporation into suspended silicates.°’® It has been estimated that the mean boron 
concentration of all rivers draining the Soviet Union and North America is 0-012 mg 
of boron per litre. With a total world influx of 3-3 x 107° litres of fresh water per year, 


Table I1X.—Changes in the Boron: Chloride Ratio during One Year. 
(Values expressed as °%B x 10/°4Cl, are read from a plot.°®) 


Year and Sampling station 
month 
9 
1955 
Apr. 
May 
June 
July 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 
1956 
Jan. 
Feb. 
Mar. 
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Key to sampling stations: 

. Raccoon River at Des Moines, Iowa. 

. San Juan River near Blanco, New Mexico. 

. Cedar River at Cedar Rapids, Iowa. 

Iowa River at Iowa City, Iowa. 

. Republican River at Max, Nebraska. 

. Canadian River near Sanches, New Mexico. 

. Animas River at Farmington, New Mexico. 

. Kiryu River, Japan. 

. Colorado River near Glenwood Springs, Colorado. 


A number of other publications give similar data.®% 101 10% 125, 133, 696, 712, 731, 
733, 1006,1047, 1074 
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the total annual boron entering the sea from all continental drainage is approximately 
4 x 1014 mg per year °° (equivalent to 4 x 10® kg/year). Since the boron content of the 
sea remains virtually constant over millions of years (see Boron in the Sea, above), 
the same amount must be removed from the sea by vaporization and by inclusion in 
marine organisms and sediments. The recent annual world consumption of boron, 
mostly in the form of borates, has been estimated to be 400,000 tons of B20; °°, 
equivalent to about 1:25 x 10® kg of boron. Thus, the boron entering the sea annually 
from all continental drainage is more than three times the estimated total yearly 
world production for industrial and agricultural uses. 

While the weight ratio of boron to chlorinity in the sea is very nearly constant the 
world over, at about 0-240 x 107° (see above, sea-water section), this ratio in rivers 
and streams is highly variable, and usually much greater.}°® ®°° An example is given 
in a recent publication showing this ratio for nine rivers (eight in U.S., one in Japan) 
over a one-year period. The data appearing in Table IX were approximated by esti- 
mation from a plot. 


Boron in Groundwater 


As used here, the term ‘groundwater’ refers to any sub-surface water, and includes 
flowing springs (both hot and cool), geysers, aquifers (both flowing and confined), 
oilfield brines, etc. These waters may be predominantly connate®°® °°, largely recent, 
or may contain a high percentage of juvenile water. The sources of the boron in these 
waters include ancient brines, leaching of sedimentary rocks, hot-water or steam 
leaching of volcanic rocks or magmas, etc.?? Groundwaters have been classified in 
diverse ways, such as geological, physical, or chemical, by different authors. 
Clarke ®"* classifies such waters chemically according to their negative radicals, and 
lists the following types: chloride, sulphate, carbonate, acidic, mixed, and unusual 
combinations, including nitrates, borate, sulphide and silicate. The total mineral 
content of groundwater varies greatly, from virtually no dissolved solids to concen- 
trations nuch greater than those found in sea water; the above classifications overlap 
to a considerable extent. The reported boron content ranges from 0 to more than 
1000 mg of boron per litre (see Table X). In some groundwaters the boron content 
is related to the salinity, as in sea water °°, whereas in others it is proportional to the 
HCO; content.*:?° This reflects the origin of the contained salts, i.e. whether they 
were leached from sediments or related to volcanism etc. For convenience of dis- 
cussion, the following subdivisions will be used here: springs of all kinds, including 
geysers and soffioni; relatively shallow wells, such as used for irrigation water 
sources; deep waters (non-oilfield brines) and oilfield brines.‘ 

White ez al.*1?° give a comprehensive series of tables of analyses of many subsur- 
face waters classified according to water type. 


Boron in Mineral and Spring Waters 


Mineral springs and wells are of many types, such as steam, thermal, cool, acidic, 
neutral, alkaline, saline, carbonate, etc. The waters issuing from springs may be 
predominantly connate, largely recent, or may contain a high percentage of juvenile 
water.°° 9° ®71 While boron is known to be present in the waters of springs all over 
the world, the major commercial boron deposits, as well as spring mineralizations, 
are to be found along the well-known ‘ring of fire’ around the Pacific Ocean, along 
one north-east to south-west belt across Siberia and through India, and two (or per- 
haps three) east-west belts across Eurasia ®®°:1°°°, or along known or postulated 
abyssal fractures.°’° This gives credence to the idea that the occurrence of boron is 
associated with volcanism, but does not necessarily define the source of the boron. 
Where the boron: chloride ratio is essentially the same as for sea water, the source of 
the boron is almost certainly buried marine evaporites or ancient brines.°? Where the 
boron: chloride ratio is considerably higher than for sea water, thus eliminating 
marine evaporites as the source, other possibilities must be considered; in many of 
these waters the boron content is proportional to that of bicarbonate.”>7" For a long 
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time, the probable source was thought to be exclusively magmatic °°”, but recent ex- 
periments have shown that boron (and other elements) can be leached from various 
types of igneous, metamorphic and sedimentary rocks by water at 100° to 600°C at 
pressures up to 1500 bars.*7® 79%: 757, 1029, 1033 Thus the source of the boron in springs 


Table X.—Boron Content of Mineral Springs 


Name 


Arrowhead Hot Springs 
29 Springs, various 

35 Springs, various 
Aqua de Ney 

Herman Pit 

Sespe Hot Springs 
Tuscan Spring 

Wilbur Spring 

Various High-borate springs 
Steamboat Springs 
Stinking Spring 

5 Springs 

Saratoga Spa 

8 Springs 

Tokaanu 


Near Tokaanu 
Near Tokaanu 


Ngawha Hydrothermal Area 
Ketetahi Hot Springs 

5 Thermal springs 

Various 

42 Springs 


55 Springs 

44 Springs 

Kawaharayu Hot Springs 
Isobe (6 springs) 

Beppu Hot Springs - 
Ashidate Spa 

Aone No. 1 and No. 2 
Osoreyama Hot Springs 
105 Springs 

5 Springs 

Bad Hall 

Various 


Cheleken Hydrothermal Waters 


Kapobi Spring 


19 Springs 

4 Springs 

20 Springs 
Thermal Waters 


Various Carbonic 

23 springs, associated with 
volcanism 

‘Many’ 

p2 Waters 

Various geysers 

17 Thermal waters 

22 Soffioni 

Various 


Location 


California 

California 

Calif., Nev., Mex. 

California 

Sulphur Bank, Calif. 

California 

California 

California 

California 

Nevada 

Utah 

Yellowstone National Park 

New York 

Mexico 

Lake Taupo, New Zealand 
(alkaline) 

Lake Taupo, New Zealand 
(acidic) 

Lake Taupo, New Zealand 
(steam) 

N. Island, New Zealand 

New Zealand 

Umnak Island 

Kamchatka and Kuriles 

Nana Shiguri and Jyohojji, 
Japan 

Eastern Japan 

Hatimandai, Japan 

Japan 

Gumma, Japan 

Japan 

N.E. Japan 

N.E. Japan 

Aomori Prefecture, Japan 

Hokkaido, Japan 

Hokkaido, Japan 

Austria 

Czechoslovakia 

Turkmenia 

Source of Chveshuri River, 
Caucasus 

Caucasus 

White Russia 

Various, Soviet Union 

Vicinity of Mendeléev 
Volcano 

Armenia 


Worldwide 
Romania 
Transylvania 
Tuscany 
Tuscany 
Tuscany 
Ireland 


Boron content, 


mg/litre 


2°6 
0-9 to 372 
0:09 to 11-5 


0:4 to 5°8 
<0:1 to 2°8 


28 to 82 
0:9 to 24 


12 to 43 
0 to 1085 
up to 346 
20 to 50 
15 to 75 


up to 770 
0-025 to 773 
0-9 to 190 
8°75 

300 to 400 
2°5 to 12 


33 to 119 
11 to 46 


562 

23 to 388 
2:0 to 3:9 
0°15 to 62 


Reference 


100 
1044 
1043 
130 
1034 
100 


mocmonal Gata: iiay the Mound (ini references: °7+°%.104, 108, 120,456,461, 270, 472, 485, 653. 692-5, 


697-700, 702, 705, 727 
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remains enigmatic; it could be primary, as from magmas ®, or it could be the result of 
hydrothermal leaching of older rocks. It is likely that both processes occur. 

Concentrations of more than 1000 mg of boron per litre have been found in a few 
springs not associated with known borate deposits; see Table X. Many of the 
springs with a high boron content are thermal, but likewise, many are cool. For ex- 
ample, on the mainland of Japan, all of the springs with a high boron content are cool 
springs, and on Hokkaido 40% are cool.’° In New Zealand, on the other hand, all 
high-boron springs are warm or hot.®® *8° The cool springs of Japan seem to be 
different in type from the hot springs.”° Those with the highest boron content are 
acidic, indicating a geochemical relationship with bicarbonate.?° There is some evi- 
dence that at least some springs which are cool at the surface are hot at depth.97° 
The high-boron-bearing springs throughout the world are of varying degrees of alka- 
linity, ranging from a pH of 11-6 for Aqua de Ney spring in California ?*° to 6:0 for 
one of the acidic springs of Japan.’? In some areas, the concentration of trace ele- 
ments, including boron, increases with increasing temperature.’*”*"° The relation- 
ships between the boron content and other properties of the waters have been dis- 
cussed -by a number of authors.7° 72-5: 77> 79-82: 84:90,.02, 93, 114,184, 246.0707" "Table x. 
are listed many of the mineral springs of the world for which an analysis of the boron 
content has been published; no doubt there are many more. No effort has been made 
to group them according to type or degree of mineralization, but they are arranged 
roughly by geographical area. 

Many of the springs are at existing or potential health resorts or spas. The ‘sof- 
fioni’ of the Tuscany area in Italy have been extensively studied, and have been 
highly developed to utilize the hydrothermal energy for the production of electricity 
and for the production of boric acid from the condensate. The vapours from the 
soffioni also contain a large percentage of carbon dioxide, and measurable quanti- 
ties of helium, neon, argon, xenon, ammonia and nitrogen, as well as hydrogen 
sulphide, hydrogen, methane and other combustible gases.*°* 463: 989 


Boron in Irrigation and Domestic Well Water 
The presence of boron in the water of wells used for irrigation and domestic supply 
has assumed importance because of the recognized deleterious effect of excessive 


Table XI.—Boron in Irrigation and Domestic Wells 


Location of wells Boron content, p.p.m. | Reference 

Burnt River Valley, Oregon (2 wells) 2:3 to 3°6 721 
Putah Creek Basin (near Sacramento) California 

(47 wells) 0-0 to 2:0 99 
Santa Cruz—Monterey area, California (confined 

aquifer) 0-0 to 1:3 97 
Santa Cruz—Monterey area, California (water table 

overlying above confined aquifer) 0:2 to 6:3 97 


Santa Clara River Valley, Ojai, Simi and San 


Fernando, California (32 wells) 0-1 to 1:3 100 
Highland, California (1 well) 0-9 100 
Southern Orange Co., California (7 wells) 0-4 to 1-0 100 
Aberdeen (Owens Valley), California 9-3 100 
Salton Sink area, California 6 wells) 0:2 to 3:9 100 
Skull Valley, Utah 0-02 to 0-79 711 
Hueco Bolson, N.W. of El Paso, Texas (94 wells) 0:0 to 0-49 81 
Linn—Faysville area, Hidalgo Co., Texas (42 shallow 

wells) 0-8 to 36 98 
Waikato district, New Zealand 0 to 28 65 
Mikara City, Hiroshima, Japan up to 2°8 67 
Chambal, India 0-1 to 3 719 
Patti, India 0:08 to 0:50 94 
Intysh Artesian Basin, U.S.S.R. 0-07 to 0-83 91 
Western Caucasus, U.S.S.R. 0°5 to 25 1042 
Iraq 1 to 20 1073 
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amounts of boron on plant life. Thousands of well waters have been analyzed for 
boron content during the last thirty years, but potentially injurious concentrations 
have been found in relatively few, essentially confined to the ‘boron belts’ around the 
Pacific Ocean and across Eurasia.®2% 885-1935 Other high-boron-content waters are 
from ancient brines or marine sediments®® 71°, or the displacement or squeezing out of 
interstitial waters during lithification.°!»”4° Most domestic and irrigation well water 
contains less than 0-5 p.p.m of boron, with much of it in the range of a few hundredths, 
of a p.p.m. A listing is given in Table XI of published well waters of higher than normal 
boron content; the water of some of these wells is useful only for supplemental water 
when rain is insufficient®?’9°, or for irrigating boron-tolerant crops. Additional 


information on the subject may be found in references.®® 9% 11: 103, 708-11, 714, 715, 722, 
723, 728, 729, 737, 1018, 1028 


Boron in Deep (Non-oilfield) Brines and Ground Brines 


At a few places deeper wells have encountered saline waters not connected with 
petroleum deposits. These may be ancient (connate) brines resulting from the con- 
centration of sea water, water in confined basins superimposed over older salt de- 
posits, or synclinal brines whose salt content comes from the leaching of sediments. 
The boron content of these waters is high enough to be injurious to plant life, but 
the high salinity normally precludes their use for agriculture.®*» °° A selection of 
typical published values is given in Table XII. Further data have been published in 
fererences, 2°77 ° 871048 


Table XII.—Boron Content of Ground (Non-oilfield) Brines 


Location of wells Boron content, p.p.m. | Reference 

Linn-Faysville area, Hidalgo Co., Texas (26 wells) 0-2 to 8-7 — 98 
Cameron Co., Texas, near Brownsville (123 wells) 0:25 to 7°8 68 
Salado, New Mexico 590 1126 
Mojave Desert, California (23 wells) 0-1 to 35 1043 
Aichi Prefecture, Japan 6 to 160 83 
Chambal area, India 0-1 to 3 719 
Turkmenia, Caucasus 3-4 to 128 255 
Turkmenia 65 to 265 740 
North Russian platform, U.S.S.R. 1-1 to 8-4 249 
Cis-Carpathian District, U.S.S.R. ihe eee brines) 15 to 68 716 
West-Caucasus F oreland, U.S.S.R 1 to 270 1042 
Western Cis-Caucasian Cretaceous, U.S.S.R. 8 to 25 724 
Near Kirmakin Formation, Apsheron Peninsula, 

U.S.S.R. 87 to 219 252 
24 Various Russian 0:9 to 13-3 246 
Bulgaria 0-2 to 2,750 129 


Boron in Oilfield Brines 


Boron is found associated with oilfield brines throughout the world. These brines 
are either alkaline sodium bicarbonate type (Cenozoic), calcium chloride type (mostly 
Palaeozoic), or intermediate between these extremes.?*2 Boron tends to accumulate 
in waters of a definite composition, being higher in the alkaline sodium bicarbonate 
types and lower in the calcium chloride types 2°?, where the high calcium content acts 
as a boron precipitant.24>: 1°42 In many places the boron content increases with in- 
creasing salt content over the range of 0-5 to 25 g of total salt per litre, but decreases 
in stronger brines and highly saline waters. The boron content of oilfield brines also 
often increases with stratigraphic depth, but the total mineralization decreases with 
increasing depth.229 23° In some areas there is a positive correlation between the 
boron content and the carbon dioxide content of these waters, indicating a common 
or associated mode of entry into the water.1°*2 Both hydrogen sulphide and carbon 
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dioxide react with rock to liberate boron into the waters, especially at elevated 
temperatures and pressures.?%° 7° Most of the boron is genetically related to the 
alkaline constituents of the waters and to volcanic action during formation of the 
productive series.27°: 249: 26° The tectonic nature of an area greatly influences the 
boron content of the deep saline waters, higher boron concentrations occurring along 
deep faults and the associated fractured zones around faults and volcanoes, and in 
association with mud volcanoes.?2® 9°° 1°42 Where the carbon dioxide is thermo- 
metamorphic in origin, it acts vigorously to extract boron from rocks and aids its 
introduction into the waters of the fractured zones.1°?? 

The boron content of these waters, along with the iodine, bromine and organic 
matter content, is an important aid in determining water genesis.2°? The accumula- 
tion of iodine, bromine and organic matter is less dependent on water type than is 
the accumulation of boron.2°° The boron, iodine and bromine concentrations in 
non-oilfield brines are controlled by the mineralogical and petrographical composi- 
tion of the host rocks, the degree of formation sealing and the solubility of the com- 


Table XIII.—The Boron Content of Oilfield Brines 


Location 


Boron content, p.p.m. | Reference 


Baku, U.S.S.R. (alkaline Cenozoic) 4:0 to 198 249, 250 
Baku, Urals, Dagestan (calcium chloride-saline) 6:7 to 140 249, 250 
Azerbaijan (Apsheron Peninsula, U.S.S.R.) 

upper division 1:2 to 146 235, 260 

lower division 62 to 233 
Azerbaijan (Baku, U.S.S.R.) 

Calcium chloride type waters 6 to 24 248 

Transition from CaCl, to alkaline 82 to 117 

Alkaline 96 to 149 

Most alkaline (deepest) 184 to 231 
Bukhara-Khiva Region 27itorS7 257% 
Various Russian (alkaline bicarbonate) 200 to 1000 239 
Russian Plateau 3:2 to 27°6 242 
Shebalinka gas deposit 0 to 100 231 
Bibi-Eibat 3240222 229 
Surkhany 103 to 284 229 
Sukhokumsk area, Dagestan (U.S.S.R.) 

sodium chloride-sulphate 42 to 161 993 
Northern Dagestan (U.S.S.R.) ‘Sheet Waters’ up to 430 991 
Ural-Emba Interfluve (U.S.S.R.) 1 to 25 241 
Timano-—Pechor gas bearing basin 2°4 to 9:2 253 
Volga—Ural gas field 28 to 56 253 
Kuybyshev and Orenburg, U.S.S.R. 906 

Devonian 5°6 to 12-4 

Carboniferous 15-5 tors 1 

Permian (high Mg; low Ca, H2S) 62 to 620 

Permian (high H.S, sulphate; low Br, I) 18 to 39 
‘Middle Asia’ 40 907 
Niigata City, Japan 7:6 to 9:1 254 
Sodium chloride type waters: 1126 

California 25 to 140 

Louisiana 20 

Hungary 5°4 to 89 

Japan 14 
Calcium-chloride-saline waters: 

California trace to 8:3 

Louisiana 9-4 

Michigan 60 to 380 

Germany 0: 
Sulphate-bicarbonate waters: 

California 3:9 to 13 

Wyoming 7:4 to 26 

Alberta, Canada 1-4 

Hungary 2°9 


a 
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ponents. In petroliferous horizons, these concentrations are additionally controlled 
by the distance from the sampling point to the oil—water interface.?°*: 1°91” The boron 
content of deep brines, when considered with the bromine, iodine and organic matter 
content, is an important indicator of the possible presence of petroleum in or near 
the area’ sampled.}27» 244; 258: $29, 630, 636, 641,924,991 The boron content of oilfield 
brines has been extensively studied in the Soviet Union. A selection of published 


data is given in Table XIII. Additional data on the subject may be found in refer- 
ences 237, 243, 247, 259,618, 641, 715, 717, 718, 720, 724, 725, 908, 921, 1134 


Boron in Saline Lakes (Lakes of Internal Drainage) 


Most fresh-water lakes are essentially wide places in rivers, and consequently only 
delay the flow of the water for a time on its way to the sea, perhaps effecting some 
concentration by evaporation or in some cases reduction in concentration of boron 
by adsorption by vegetable matter, especially under acid conditions.’°* Lakes of 
internal drainage, on the other hand, are for the most part terminal basins where the 


Table XIV.—Boron in Saline Lakes 


Name and location Boron content, mg/litre Reference 


Large Soda Lake, Nevada 79 671, 672 
Mono Lake, California 46 
Owens, Lake, California 1914 624 
Harney Lake, Oregon 268 
Big Lake, Wyoming* 298 
Track Lake, Wyoming* 246 
Red Lake, Wyoming* 148 
Lake Parinacochas, Peru 46 
Searles Lake, California, 135’ depth 7500 1043 
Searles Lake, California, 90’ depth 3000 
Salton Sea, California 4to5 
Borax Lake, California 181 to 1077 
Alvord Borax Lake, Oregon 5 
Great Salt Lake, Utah 30 866 
Brown Lake, California 470 294 
Mono Lake, California 750 139 
Soda Lake, California (normally dry) 666 139 
Owens Lake sub-surface brine 540 to 3820 139, 1030 
Various internal-drainage lakes, Western 

Victoria, Australia 0-1 to 28 732 
Lake Urmia, Iran 5,000 885 
Caspian Sea 1-5 to 3-2 255, 684 
Aksukan Lake — 135 255 
Lake Inder, Kazakhstan 113 to 211 251, 575, 889 
Black Sea 22 to 24 906 
Aral Sea 2:1 
Kara Sea 3-6 
Lake El’ton 13 to 47 
Lake Aral-sor, Lake Tjube-sor 1-2 as ; 22123, 
Various lakes, Ural-—Emba District 17:5 to 254 
Various inland saline lakes, U.S.S.R. 13 to 39 45 
South-east Transbaikal, 32 lakes over 1 135 
South-east Transbaikal, 12 lakes 4 to 6 
Chokrak Salt Lake, U.S.S.R. 100 126 
‘Central Asia’, many lakes up to 745 136 
Tbilisi up to 48-6 119 
Kulunda Steppe 0:06 to 60 131 
Mangyshlak Peninsula 80 to 350 £3) 
Western Kazakhstan 50 to 1100 120, 121, 122 
Central Kazakhstan, 37 lakes 2:9 to 37 298 
Central Kazakhstan, 6 areas 7:8 to 16-4 132, 138 
Lake Sivash and Perekop Lake 11-5 to 173-5 44, 683 


* Intermittent Lakes. 
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water evaporates more or less completely and the dissolved salts accumulate. Owing 
to the nature of the local climate, the brine level of these lakes fluctuates greatly; the 
lake sometimes dries up almost completely, at least on the surface, with the formation 
of a solid (often porous) salt bed, and at other times becomes considerably diluted. 
For this reason the reported constituent values vary widely for any given lake, depen- 
ding upon the climatic conditions prevailing at the time of sampling and the depth at 
which the samples are taken.**#° A number of these lakes are, or could be, important 
sources of various salts for industry. A selection of published data on some of these 
lakes is presented in Table XIV. In general, the boron content is higher in alkaline 
lakes of the ‘soda’ (carbonate) type than in the sulphate and sulphate-chloride 
types.+%!»1°3 All reported values have been converted to mg of boron per litre, since 
the various authors report the boron content in various ways. 

The constancy of the ratio of boron to total salts noted for sea water is lacking for 
lake brines. This ratio is greater for fresh and brackish water than for brines, and all 
lake waters show a higher boron:chloride ratio than sea water.®® 193, 135, 298 A ddj- 
tional data are given in references °°! and °®?, 


Boron in Mud Volcanoes 

The water associated with mud volcanoes in many parts of the world contains 
boron.?*° 249, 255, 260, 458, 460, 479, 482, 547, 816,821, 906, 1042 These waters are predominantly 
of the alkaline sodium bicarbonate type2*®, and originate in zones of young oro- 
genesis, principally Cenozoic, but the source of some is older (Cretaceous).2*% 26° 
Much of the original (at depth) alkalinity may be lost by mixing with intermediate- 
depth waters and reacting with the rocks through which the water passed on its way 
to the surface.1°*? 

Mud volcanoes originate as a result of deep fissures where rising carbon-dioxide- 
rich waters leach boron from the host rock, and bring it to the surface.98!’ 1°42 These 
waters are rich in boron and fluorine, resembling mineral springs in this respect, and 
are low in sulphate.?*° The presence of mud volcanoes is an indicator of nearby 
petroleum deposits ?*®; the boron content of the mud volcano water ordinarily does 
not exceed that of the related oilfield brines of corresponding ages and districts. The 
boron content is higher in the chalk-volcanoes than in others.2* 479 9° A selection 
of published values is given in Table XV. 


Table XV.—Boron Content of Mud Volcano Waters 


Location Boron content, p.p.m. | Reference 
Kertch, Chalk volcanoes 47 to 1867 240 
Georgia and Kertch 10 to 1600 248, 479 
16 various Russian average 175 249 
Ak-Potlau 152 20 
Lake Keimir 200 to 2,150 255 
Lake Keimir borehole No. 2 76 255 
Baku 31 to 139 255 
Kertch 122 to 1764 448, 460 
Odessa 0-8 448 
Georgia 2 448 
Sormat, Produktivnaya, Shirakan thickets under 3 479 
Georgia (CaCl. type, Kilakupra) 74 to 85 816 
Kertch, Taman, Apsheron 102 to 2150 906 


Commercially valuable boron deposits have been formed by accumulation of 
borates in areas adjacent to mud volcanoes.**® 45% 458: 482; 821,885 Prior to the dis- 
covery of the Inder deposits in Kazakhstan, the mud-volcano borate deposits of the 
Kertch Peninsula were the only practical borate source in the Soviet Union, borax 
being extracted from muds ranging in content from 0:3 to 0:4°% B.Os3, equivalent to 
0:09 to 0:12% boron.*°* #5” The Na2B,O, content ranges up to about 42% of the 
total salts present in the dried-up accumulations around the mud volcanoes.**® These 
are not now being utilized. 
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Boron in Volcanic Emanations 


In addition to the thermal springs, geysers and soffioni, there are many places 
where gases escape from volcanic vents. These gases are usually acidic, hot and con- 
tain much water vapour and at places much native sulphur. Other gaseous compon- 
ents include hydrogen, helium, neon, xenon, nitrogen, ammonia, hydrogen chloride, 
hydrogen fluoride, carbon monoxide, carbon dioxide, carbonyl sulphide, hydrogen 
sulphide, sulphur dioxide, arsenic and at times a considerable amount of boron in the 
LORE! SASSOINIC. 9 oe ne oy ets 0107621, 624.1226 "The composition of the ‘gas 
changes with decreasing temperature during a single eruptive cycle, the boron content 
becoming less as the temperature decreases.*®° #74» 475 A few vents have yielded the 
fluoborates avogadrite and ferruccite.*”® *®° Few of these vents have accumulated 
substantial borate deposits, but over millions of years their collective contributions 
of boron to the atmosphere must have been enormous.*®*: 47}: 473: 475, 817 The boron 
content of the condensate from several fumaroles is given in Table XVI. 


Table X VI.—Boron in Fumarole Condensates 


Date Location Boron content, | Reference 
mg/litre HzO 
2 Sept. 1953 Kamchatka (Central Crater No. 1) 1-7 1128 
13 Dec. 1953 Kamchatka (Central Crater No. 1) 1-1 
2 Sept. 1953 Kamchatka (Seulich Dome) 0:8 
10 Aug. 1952 Hekla (Shoulder Crater) 4-1 
1932 - Santa Maria 1-6 
1939 Seven Dwarfs B/1 129 
1939 Seven Dwarfs A/5 46 
1939 Seven Dwarfs A/6 33 
1939 Seven Dwarfs B/20 86 
1939 Seven Dwarfs B/22 32 
_— Kilauea Iki, Hawaii 0:6 
Sept. 1954 Showa-Shinzen, Hokkaido, Japan, A-1 
(9081) 39* 
1954 Showa-Shinzen, Hokkaido, Japan, A-3 
(9051) 2 
1954 Showa-Shinzen, Hokkaido, Japan, C-3 
(9063) 5°6* 
1962 Avachinsk 13-4—73 465 
1953-1957 Suclich 141-1130 474 


* p.p.m. by weight. 


BORON IN THE LITHOSPHERE 


The lithosphere is the solid portion of the earth’s surface, excluding ice, and it 
includes the submerged solid crust as well as the exposed areas.®% 6%: 662, 1009 
Generally, it is considered to average ten miles in thickness, although there are 
differences of interpretation among authorities and there are great variations in 
thickness from place to place. Under the high mountain ranges it is thickest, and in 
the deep sea trenches it is thinnest.®®° 

For simplicity of treatment, the lithosphere is here divided into three major 
divisions: igneous, sedimentary and metamorphic rocks, with some latitude as to 
placement. The major divisions are further subdivided where there are great differ- 
ences in boron content. 

Since about 1950, there has been a great increase in interest in the boron content of 
all parts of the earth; the literature is voluminous. 


Boron in Igneous Rocks 


As used here, ‘igneous’ rocks includes the rocks of indisputable igneous origin, 
such as the rhyolitic, basaltic and ultra-basic rocks, as well as the granitic and 
syenitic rocks, some of which may be of questionable igneous origin. 
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Igneous rocks are in general lower in boron content than sedimentary rocks ®®?, 
and the boron content of igneous rocks increases with the acidity of the rocks from 
ultrabasic to acidic®*® 1°19, but there are exceptions.®°° ®!: 992 Boron is a highly 
mobile element, so variables such as temperature, pressure, rate of cooling, initial 
water content, rock composition, sequence of events, etc., greatly influence the pro- 
portion of original boron retained upon cooling.®*1 Boron is present in magmas as 
the B°*+ ion in two distinct configurations. When it occurs as the centres of BO; 3 
triangles it is not readily accepted into the lattice of silicate minerals (because of geo- 
metry problems), so it forms borate or borosilicate minerals, with most of the boron 
accumulating in the residual melt, and ending up in a pegmatite or endogenetic 
deposit. The boron which is present as the centres of BO; ° tetrahedra, on the other 
hand, is preferentially incorporated into many silicate minerals.°°° Plagioclase is the 
principal collector of boron in igneous rocks 2°® °15: 543, 841, 851,914" although horn- 
blende also acts as a boroncollector.*9* Higher boron content is typical of the well- 
crystallized granitic-syenitic rocks, and a lower content is typical of the less well- 
crystallized aplites, granitic porphyries, and leucocratic granites, which apparently 
crystallized with an intense removal of volatiles.8*1 The lower boron content of some 
lavas and subvolcanic mafic rocks may be due to the initially higher water content 
of the magma, with separation and solution of some of the boron during cooling 
and solidification.®°° Eruptive rocks are generally higher in boron content than their 
corresponding intrusives °*1, especially submarine eruptives, which often are enriched 
in boron.®°? Volcanogenetic rocks of an initial eruption are often richer in boron 
than those of later stages.*®” Quiet, fissure-type eruptions produce rocks of a higher 
boron content than products of explosive eruptions, owing to loss of boron as a part 
of the volatiles during violent eruptions.®°! The highest boron content is found in 
intrusive massifs of Devonian age.®** By reaction at the boundary of ultra-basic 
deep-seated (intrusive) rocks with sediments or their metamorphic successors, boron 
can increase in the adjoining rock. Borosilicate crystallization is possible at these 
contacts.33° 

The great mobility of boron makes it difficult to obtain a truly representative 
sample of a rock formation, as the boron content is often quite different in the in- 
terior of a mass from the value at the surface./°® Local areas such as pegmatites may 
be boron-enriched at the expense of the bulk of the rock mass.®* 493: 50°, 530, 838 

Many values are reported in the literature which are considerably higher than the 
generally accepted world-wide average boron-content values of particular rock types. 
It is very probable that many of these published values represent the exception rather 
than the rule, and were investigated at least partly because of their higher-than- 
normal boron content and may, therefore, be considered to be atypical. 

Table XVII gives recently published values for the boron content of rocks divided 
roughly into three groups according to their acidity. This arbitrary division is only 
approximate, as many authors classify the rock types by different systems. 

The literature concerning boron in igneous rocks is voluminous. Some additional 


references include:for:eruptive rocks: 297: 289, 480.490, 377,404 3283, 297, 176, S18.622) or ins 
trusive rocks: 496, 498, 502-7, 511, 512, 514, 516-21, 527-9, 531-4, 536, 537, 544-9, 551, 774, 775, 830-2, 


834, 836, 840, 844, 846, 847, 849, 855-7, 970, 977, 980, 983, 1001, 1004, 1024, 1075 


Pegmatites, being the last portion of a granitic intrusion to solidify, contain a 
concentration of the scarcer elements originally present in the intrusive mass; thus 
the pegmatite is notably enriched in these elements, including boron. 

Presumably in most instances the greater portion of the boron was present in the 
original magma, but some pegmatites seem to have acquired additional boron by 
solution or absorption from sediments through which the magma intruded.°4* Some 
of the usually boron-barren minerals, such as cookeite, formed during solidification 
of a boron-rich pegmatite, include boron in their crystal lattice when crystallizing 
from such a melt1+?*9, but the bulk of the boron forms characteristic borosilicate and 
anhydrous borate ‘pegmatite minerals’. By far the greatest of these, in both quantity 
and diversity of composition, are the ever-present tourmalines, individual crystals 
of which sometimes reach enormous size.'1”° In some pegmatites tourmaline is the 
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Table XVII.—Boron in Igneous Rocks 


Boron content, p.p.m. 


Intermediate 


Acidic 


91 


Reference 


______ oo ed [le 


Worldwide 
Worldwide 


Worldwide 

Worldwide, earthcrust 
average 

Worldwide 

Worldwide 

Connecticut, U.S.A. 

Connecticut, U.S.A. 

New York, U.S.A. 

Nevada, U.S.A. 

California, U.S.A. 

New Zealand 

Japan 

Japan (most) 

Japan, Kitalami district 

India 

Sweden (Vato) 

Thuringian Forest 

Pantelleria and Sardinia 

Italy 

Elba and Giglio Islands 


Romania 

Hungary 

Czechoslovakia (Ransko) 

South Africa 

Russia and others 

Urals 

Urals 

Orenburg region, U.S.S.R. 

Khanka Lake region, 
U.S.S.R. 

Burpala Massif, U.S.S.R. 


Eastern Sayan 
SW offshoots of Gissar 
Range, U.S.S.R. 
(basalt) 
(tuffs) 
Chukota 
Kunashir Island 
Miao-Chang (Khabarovsk) 


Eastern Kazakhstan 
(Kalba) 

Lovozero Massif, U.S.S.R. 

Bitu-Djinsk Massif, 
U.S.S.R. (S.W. Cis- 
baikal) 

El’dzhurton (Mesozoic) 

Kurarna Ridge, U.S.S.R. 

Gornyi Altai, Siberia 

Western Tien-Shan 

Tien-Shan 

Western Siberia 

N.E. U.S.S.R. (tin- 
bearing) 

So. Yakutia 


1-5 average 
2°5 to 60 
average 6 
average 5 


3 to 5 
1:5 to 3 
13 to 2360 


50 to 450 
3 to 920 


12 average 
4to 10 


42 to 135 


950 
0 to 20 
20 to 30 


0 to 40 
0 to 130 


600 
600 


15 to 40 


1 to 38 
4to 8 


5 to 20 
average 13 
average 10 


100 
28 


10 
10 to 80 


10 to 30 
29 to 120 


0 to 150 


2400 
1900 


21 


1 to 38 


5 to 66 
10 to 14 


3 average 
25 to 60 
average 30 
average 30 


9 to 10 
mae 15 


10 to 50 
25 average 


6to8 
average 34 
63 


55 to 122 


77 to 205 
5 to 276 
average 50 
10 to 1060 
6 to 16 


average 50 
50 to 200 
12 to 30 

0 to 80 


620 

5 to 180, 
average 14 
0 to 95 


120 to 320 
42 
40 to 600 


0 to 31 


22 to 39 

1 to 3 

31 

120 to 880 


1 to 12 


230 
below 20 


657 

1135 

501, 524 
525 


ny Be 
538 


845 
351 
827 
487 
489 
850 
992 


550 
543 
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only boron-bearing mineral present. Pegmatites are known from many regions of the 
earth, where there have been granitic intrusions. Listed in Table XVIII are some of 
the published occurrences of boron minerals in pegmatites. 


Table XVIII.—Boron Pegmatitic Minerals 


Mineral Reference 
Behierite 1161 
Cappelenite* 1171 
Caryocerite* 1169, 1171 
Dumortierite* 1153, 1158, 1160, 1168 
Gadolinite* 834, 840, 1154, 1117 
Grandidierite* 840, 1117, 1153, 1167 
Hambergite 1165, 1172, 1173 
Hellandite* 834, 1163 
Kornerupine* 1166 
Leucosphenite* 1155 
Manandonite* 1159 
Melanocerite* 1164 
Nordenskidéldine 1172 
Rhodizite 1157 
Spencite* 1156, 1170 
Stillwellite* 1150, 1162 
Tadzhikite* 1152 
Tienshanite* 1151 
Tritomite* 1156 
Tourmaline* 530, 544, 1174-95 


* Borosilicates. 


Boron in Sedimentary Rocks 


There has been a large investigative effort in recent years concerning the boron 
content of sedimentary rocks, due largely to the possibility of determining the en- 
vironmental conditions of the ancient seas or lakes in which the sediments were laid 
down. Much of this interest is due to the role of boron in mineralization (see Boron 
in Petroleum and Concentration of Boron sections). 

Goldschmidt and Peters in 1932 determined the boron content of a number of rock 
types, and first recognized the increased boron content of argillaceous marine sedi- 
ments.°°? Landergren in 1945, 1958 and 1964 studied the boron content of some 
Swedish and Atlantic sediments and elaborated on the work begun by Goldschmidt 
and Peters, and established the fact that the boron content of these sediments was 
related to the salinity of the water at the time of deposition as determined by the 
fossil fauna 271: 273-754, 1036 and to some extent to the grain size of the sediments. In 
1960, Frederickson and Reynolds ?** determined that the fine clay fraction of sedi- 
ments contains the bulk of the boron, and while the chtorite, kaolinite and illite 
components of this fine clay fraction all adsorb boron from sea water, the illite 
fraction is by far the most significant, and can be used to estimate the paleosalinity 
with a reasonable degree of accuracy. 

The above works were summarized and elaborated upon by Harder in 1963.277 
Several additional parameters were introduced by him, including residence time, rate 
of deposition, temperature, distance from source to point of deposition, particle size, 
mineral composition of the sediments, etc. Many other researchers have followed up 
the clues provided by the above workers, and a voluminous literature on the subject 
has appeared. 

A few researchers dispute the validity of the boron method of estimating palzo- 
salinity of sediments 28° 766.770, 972,1037 byt most accept it with limitations or 
variations.. Some consider the whole-rock boron content the most important 26 279: 
284,306,757, 767* some consider the whole clay fraction the most important.2°% 766 882, 
941,1014 Some consider particle size of prime importance 26 266: 271, 309, 312, 765, 768, 851 | 
while other (non-illite) clays are considered to be important by others.?°* 747: 749 768, 
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1037 Organic carbon has been reported both to increase the boron content ?®? 3°: 
765,1012 and to decrease the boron content by acting as a diluent.°’” Other authors 
have reported on the dilution factor’*”»7®° as being of prime importance, whereas 
still others consider climatic conditions at the time of deposition to be of great 
significance.’*® 764-1923 The sedimentation rate277>749» 76>, pH’, time in contact 
with the water’*® and original boron sources?°°° have also been discussed. The 
effect of the presence of other non-clay boron-bearing minerals such as tourma- 
line 2°66 285.765, feldspars 917, muscovite’®? and recycled illite*+® has also been in- 
vestigated. 

As a result of their work published in 1960, Frederickson and Reynolds developed 
the concept of ‘normalized boron’, actually the boron content of the illite fraction of 
a sediment, utilizing X-ray fluorescence techniques, for determing palzosalinity.?°* 
Later refinements of this technique include Walker’s ‘adjusted boron’ concept 28°: 917; 
his departure curves2°°, and ‘equivalent boron’ ?°?; Frederickson’s ‘partition co- 
efficient ’°°?; and Curtis’s B/K ratio.°°® These are all improvements on the original 
concept, but may not be sufficient alone to determine palzosalinity with cer- 
tainty.972- 1937 Potter et al.2°5 have introduced the ‘discriminate’ concept, using 
Statistical methods wherein equations have been developed covering marine and 
non-marine argillaceous sediments, both modern and ancient, utilizing as variables 
contents of six trace-elements (boron, chromium, copper, gallium, nickel and 
vanadium). However, the most efficient discriminant function was based on the 
boron and vanadium contents alone; 28 out of 33 ancient shales, whose depositional 
environment was known, were correctly classified. 

The boron content of carbonate and sulphate sediments (limestone, dolomite, 
magnesite, siderite, gypsum, anhydrite) presents a special case. Goldschmidt deter- 
mined that the boron content of carbonate sediments was low, about 10 p.p.m. °°, 
which has since been confirmed by a number of investigators.?6® 279 296. 768, 829, 851, 1019 
More recently it has been determined that in the normal marine carbonate sediments 
the boron is largely contained in the included clay fraction 2’ 9°9 1°14; therefore, the 
boron analytical values for the whole rock sample must be corrected for the carbon- 
ate content in order to correct for dilution.”® 

Under suitable conditions, i.e. when the water contains from 0-5 to 1:0% of BOs, 
the BO3;°~ ion can isomorphously replace the carbonate ion in carbonates such as 
limestone and dolomite, and the sulphate ion in sulphates such as anhydrite; high 
ambient temperatures and an arid climate apparently promote this replacement./°?% 

Experiments have shown that boron is adsorbed by clay minerals, particularly 
illite, in proportion to the salinity of the solution (borate ionization increases with 
increasing salinity), and also in proportion to the boron concentration in the solution, 
over the expected concentration range of natural (fresh to sea) waters. This sorption 
is independent of the original boron concentration of the illite, and all illites do not 
behave in the same way 2°? “47> 749. 756 but they are more nearly alike when reduced to 
an equal surface-area basis.°°° Time, temperature and particle size are all contri- 
buting factors. The available data seem to fit the Freundlich adsorption isotherm 
quite well; one form of this equation is 


log (x/m) = log a+b log c, 


where x/m= moles sorbed per unit mass of sorbent, c= equilibrium molar concentra- 
tion of sorbate in solution, and a and b are empirical constants which vary according 
to the particular clay fraction involved.7°® ®39 

There seems to be more than one mechanism for incorporation of boron into the 
clays: (i) a rapid adsorption of the B(OH); ion at the tetrahedral sites at the ‘frayed 
edges’ of the clay flakes, with a weak ionic bond and an epitaxial fit due to the tetra- 
hedral geometry of the units there, and (ii) the migration of the chemisorbed B(OH); 
ions through the structure by the formation of Frenkel and Schottky crystal de- 
fects 742: 744,839 where the boron proxies for silicon or aluminium at the tetrahedral or 
octahedral sites.2°’» 74939 The maximum experimental uptake of boron by illite 
‘seems to be about one borate ion per 100 square angstroms, consistent with a 
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Table XIX.—Boron in Argillaceous Sediments 


Location Boron content, p.p.m. Reference 
Marine Brackish Non-marine 
Modern Pacific Pelagic Sediments 96-490 287 
Mean 300 
Pacific Ocean 37-193 754 
Mean 134 
Indian Ocean 43-183 
Mean 115 
Atlantic Ocean 93-192 
Mean 131 
Tyrrhenian Sea 96-227 
Mean 143 
Pennsylvania 50-160 35-140 15-110 275 
Mean ooh LS 92 44 
Colorado 99-297 122-237 50-120 747 
Modern Gulf of Mexico, South 
Pacific, various interior U.S. 51-121 10-99 305 
Mean 90 46 
Ancient, various U.S. 32-178 8-83 
Mean 124 40 
North and South America, 
Pacific Ocean 38-183 12-159 882 
Mean 105 58 
Western Interior U.S. 268 
Non-carbonaceous 30-130 
Mean 78 
Carbonaceous 50-160 
Mean 99 
Near Shore 60-160 
Mean 112 
Off Shore 40-220 
Mean 130 
North American Black Shales < 20-> 200 770 
Illinois (Pennsylvanian) 130 829 
Southern Appalachians, U.S.A. 
Cretaceous 45-140 23-36 756 
Finland Pre-Cambrian 130-220 10-160 135 
Mean 160 45 
Finland 30-3000 301 
Germany 82 15-146 279 
302 
Germany 330 240 284 
Germany 80-100 S11 
Worldwide 100 1019 
Koster, Bohuslan 140 1036 
Allsback, Gullmarsfjord, 
Bohuslan 100 
Gulf of Bothnia 30 
S.W. Spurs Gissar Range, 293 
Central Asia : 60 160 29-74 851 
Transbaikal 129 32 910 
Central Asia (Tien-Shan) 36-113 74 $2-119 266 
768 
Russia (present-day silts): 313 
Northern Inland Seas 29-107 
Southern Inland Seas 52-62 
New Zealand 20-60 Tou 
Japan 0-6-8°6 270 
Baltic Sea 20-180 1125 
Black Sea 15-200 
Mediterranean Sea 15-300 
Atlantic Ocean 25-300 
Lagoon of Santorin Volcano 
(Iron-ore sediment) 2600-6400 
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monolayer limit to the adsorption.®?° In time some of the adsorbed boron becomes 
immobilized by becoming incorporated into authigenic tourmaline.®*° 

A selection of published values for boron in argillaceous sediments is given in 
Table XIX, for arenaceous sediments in Table XX and for carbonate sediments in 
Table XXI. 


Table X X.—Boron in Arenaceous Sediments 


Location Boron content, p.p.m. | Reference 

Europe, North and South America 5-10 662 
Worldwide 35 1019 
New Zealand (greywacke) 20-33 757 
Central Asia (sandstone) 43 768 
Crimean Mountains (sandstone) 30-370 289 
Tien-Shan 25 266 
South-west Spurs of Gissar Range, Asia: 

Conglomerates and gritstone 9-14 851 

Sandstone 26-62 
Colorado Plateau Sandstone 16 1123 


Table X XI.—Boron in Carbonate Sediments 


Location Boron content, p.p.m. | Reference 
Worldwide 662 
Worldwide 1019 
Illinois (Pennsylvanian) 829 
Eastern Kansas 522 
Mean 
North America, Europe, Africa: 1014 
Dolostones 
Mean 
Dolomites 
; Mean 
Western Pennsylvania, clay fraction only: 276 
Marine 
Non-Marine 
Westphalia 297 
Germany 279 
Mean 
South-west Spurs of Gissar Range, Asia 851 
Crimean Mountains 289 


Additional references concerning boron and paleosalinity include: 2&1 291) 292, 300, 
304 ,308, 617, 751, 756, 976, 1007, 1009, 1016, 1117, 1121 


Additional references concerning boron in marine sediments include the following: 
262, 278, 281, 283, 310, 320, 321, 648, 741, 743, 745, 752, 758, 762, 970, 1000, 1010, 1022, 1118, 1120, 1122, 1124 


Aditional references concerning boron in non-marine sediments include: °16 75° 
753, 760, 777, 968, 974, 994, 1003, 1008, 1011, 1015 


Additional references concerning boron in carbonate sediments are: 91° 89° 1119, 


Boron in Pore Waters 


Data on the interstitial or pore water of sediments are scarce. Available analyses of 
this pore water indicate that at least in the Pacific Ocean, and in some closed-basin 
lakes of the sodium chloride—alkaline type, where the organic carbon is high, the 
boron is largely retained and the chloride largely expelled during compac- 
tion.?74: 287, 298 This gives a two- to five-fold increase in the boron content of the pore 
water as compared to the original lake or ocean brine, and a corresponding ten- to 
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hundred-fold increase in the boron: chloride ratio.*”’ ?°° In sediments of low organic 
carbon content where brines are of the sodium-—calcium chloride type, boron im- 
poverishment of the pore waters sometimes occurs.?’* In fresh-water lake sediments 
there does not seem to be any correlation between the organic carbon and boron 
contents.?°8 

A selection of published values is given in Table XXII. 


Table X XII.—Boron Content of Pore Water in Sediments 


Location, sediment type Boron content, p.p.m. Reference 
Lake Pore 
brine solution 
Pacific Ocean, Pelagic 4-6 287 
Mean 
Pacific Ocean, Red Clay 4:6 ‘2-7: 274, 680 
Mean . 84 
Pacific Ocean, Diatomaceous Mud 
Mean 
Pacific Ocean, Globigerina Ooze 
Mean 
Pacific Ocean, Calcareous Mud 
Mean 
Gulf of Mexico 659 
Black Sea 228, 274, 680 


(a) Chloride-alkaline waters: 
Clay mud, recent 
Clay mud, ancient 
Clay mud, New Euxinian 
Mean 
(b) Chloride-sodium-calcium waters: 
Clay mud, New Euxinian 


Mean 
Central Kazakhstan: 
Salt Lakes 298 
Mean 
Fresh-water Lakes 
Mean 


Boron in Metamorphic Rocks* 


Metamorphic rocks are produced by the mineralogical and structural adjustment 
of solid rocks to physical and chemical processes operating at depth below the zone 
of weathering, and differing from those processes under which the original rocks 
were formed.®®® 1914 Details of the formation and classification of such rocks are 
complex and will not be discussed here; interested readers may consult selected 
references concerning metamorphism and its geochemistry. °©° 1294; 1308-14, 1411, 1412 
Published information on boron in metamorphic rocks is voluminous but widely 
scattered; only some of the pertinent references can be cited below. One of the more 
important of these is the monographic study of Aleksandrov, Barsukov and Shcher- 
bina?+9° on the geochemistry of boron in endogenetic processes (including those of 
contact metamorphism). 

The geochemistry of boron in metamorphic rocks is not as well known as that of 
boron in magmatic and sedimentary rocks, despite an abundance of published ob- 
servations, chiefly because of the complex origin of such rocks. In general, the 
content of boron in metamorphic rocks is intermediate between that of sedimentary 
and igneous rocks.*4*4#9°1416 As in the igneous rocks, the coordination of the 
boron atom plays an important part in its geochemical behaviour in metamorphic 


* This section on boron in metamorphic rocks is by R. C. Erd, the author also of the 
previous main section (A1) on Boron Minerals. 
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rocks. The common rock-forming silicates show little affinity for boron, especially 
in three-fold coordination.®*° In borosilicates, boron is known in three-fold coordina- 
tion in only four minerals: dumortierite 12°59 12°° 1262, srandidierite 1167: 126°, 1262, 1372. 
harkerite 126?» 1491 and tourmaline ?2°°~ 62-1371; in both three- and four-fold 
coordination in garrelsite?°® and howlite?*°®; and in four-fold coordination in 
all others. Christ?%°° suggests that SiO, tetrahedra in silicates are replaced by 
BO;(OH) tetrahedra, but that under some conditions boron may proxy for tetra- 
hedral aluminium, especially in the more disordered structures. Such substitution 
is only partial, however, in natural minerals.*3?® 134° 

Table XXIII lists the boron content of some minerals in metamorphic rocks; data 
for this compilation were included only for those minerals stated specifically to 
occur in metamorphic rocks. These data are less often reported than for the same 
minerals occurring in igneous rocks, since metamorphic rocks are more difficult to 
separate into their constituent minerals. Some data*®® appear to be more reliable 
than others, in that the presence or absence of intergrown or included boron minerals 
or fluid inclusions containing boron in solution +*®* have been considered. Harder #95 
suggests, for example, that the high-boron andradite of Bertolani1?°? may have 
been intergrown with a boron mineral. Getling and Savinova**? have shown that 
wollastonite, with an apparent high boron content, actually contained microscopic 
crystals of datolite which had even partly replaced the wollastonite. However, they 
state that a high-boron (1000 p.p.m. boron) garnet, comparable with the value 
given by Bertolani, contained no contaminating boron mineral. The boron content 
may vary considerably within a single specimen or even within a single crystal, as 
in zoned idocrase.%*? 1327 


Table X XIII.—Boron Content of Some Minerals in Metamorphic Rocks 


Mineral Boron content, p.p.m., No. of determinations Reference 
Range 
Graphite 86 1325 
Quartz 0-30 3 514 
1 1 914 
16 1 342 
0 1 495 
Pyrope 2 1 495 
Almandine 2-9 4 495 
0 1 1253 
Grossular 0-<9 2 1253 
Andradite 1-3 3 495 
0-3913 5 1253 
Garnet 21-100 25 342 
0-1000 18 343 
400 (‘average’) 514 
100 1 1324 
Garnet (in eclogite) 3-5 50 1001 
21-41 11 1301 
Sillimanite <9 1 1253 
140-360 4 1254 
Andalusite 8 3 495 
<9 Z E253 
<20 4 1254 
Kyanite 0 3 495 
0-<9 2 1253 
Staurolite 5 1 495 
1 1253 
Sapphirine 2329 1 1415 
495 1 1186 
200 1 1324 
0 2 1332 
Norbergite 60 (Maximum value) 1255 
Chondrodite leis: (Maximum value) 1255 
Humite 310 (Maximum value) 1255 
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Clinohumite 
Sphene 
Chloritoid 


Gehlenite 
Epidote 


Piemontite 


Zoisite 


Idocrase 


Cordierite 


Diopside 
Hedenbergite 
Jadeite 


Omphacite 
Hypersthene 


Pyroxene 
Tremolite 


Hornblende 


Hornblende 


(Karinthine) 


Glaucophane 
Amphibole 
Wollastonite 


Prehnite 


Apophyllite 


Pyrophyllite 
Talc 
Paragonite 
Muscovite 


Phlogopite 


Table X XIII.—(continued) 


Boron content, p.p.m., 


Range 


310 
2516 
70 


230-12,500 
3-180 


6211 
<9-1127 
1242-3727 


No. of determinations 


(Maximum value) 


aS 


SWRENRFADAOHR HE NR Ree 


Maximum value) 


zA™ 


Zoned specimen) 


NN R= We N= 
\O 


~~ 


Maximum value) 


Oo 


oo 


Maximum value) 


eRe Qe NR NOD = OoUN NRK BER WA KH NH WH WW Re RK Qe) 
ee) 


Reference 


1255 
1331 
342 
495 
1253 
1253 
342 
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Table X XIII.—(continued) 


Mineral Boron content, p.p.m., No. of determinations Reference 
Range 
Biotite 2 1 342 
2-8 2 495 
0 3 $15 
5-15 ] 914 
28-53 10 1319 
30 1 1324 
Clinochlore 6 1 495 
Chlorite 18-90 3 342 
Antigorite 23 1 495 
10 1 1323 
Lizardite 13 1 1323 
13-65 2, 1327 
Chrysotile 750-930 3 490 
15 2 495 
16-33 4 1323 
Serpentine 100 1 342 
15-160 2 495 
Potassium feldspar 30 3 514 
5 1 914 
Plagioclase 10—200 9 343 
100-160 3 514 
100 1 914 
Scapolite 13-39 3 495 
< 3-214 ps 1253 


While boron content may be low or absent in the natural mineral in metamorphic 
(and igneous) rocks, boron analogues of some of these minerals have been synthe- 
sized: gehlenite!***, muscovite (partial substitution) 19°, phlogopite 19%° 1938-1339, 
1341" potassium feldspar 1937: 1338-1340 and albite (synthetic reedmergnerite).1%°" 
Borosilicate minerals (not listed in Table XXIII), especially tourmaline, concen- 
trate most of the boron present in metamorphic rocks. Since tourmaline may make 
up as much as 90-95% of some schists?2"1, boron content may therefore have a 
possible range from a maximum of about 10% of B2O3 (or about 31,000 p.p.m. 
boron) to essentially nil in the highest-grade metamorphic facies. In actuality the 
normal range is close to that shown by Harder***: a maximum of 1860 p.p.m. 
boron in a kyanite—mica schist to a low value of a few p.p.m. boron (nil in some 
cases) in eclogites and granulites. Because of the variability of the boron content 
in metamorphic rocks it is impracticable to tabulate such data here. Published values 


for boron in metamorphic rocks are numerous; see selected references.?°° 32° 323, 
325,339, 444,513,534,535, 542,543,648, 742, 755, 781, 785, 790, 835, 851, 914, 1001, 1056,1199, 1206, 1282-84, 


1301, 1322, 1323, 1365, 1374-85, 1408 


The source of boron in metamorphic rocks has been a matter of some dispute. Ex- 
amples of isochemical metamorphism, withthe source of boron arising from the meta- 
morphosed sediments themselves, are cited by many authors.?99398 543,544, 648, 669, 
790, 851, 881, 942, 1217, 1231, 1238, 1271, 1272, 1274, 1281, 1284, 1286, 1365, 1368,1380, 1382-93, 1398 In 
contrast, allochemical metamorphism (metasomatism), or a source of boron from 
within an intruding magma and supplied to the metamorphosed rocks, is favoured 
By sorners ose 220, B22 £245 1276, 1010, 15995—7,1898 A few, workers: have. stated.that the 
source of the boron cannot be decided for a particular occurrence in metamorphic 
rocks,°?> 815, 1218,1394 Tn a few instances the same rocks have been studied with 
exactly opposite opinions as to the origin of the boron present. Thus, Darnley +%9” 
claimed that boron in the metamorphosed Katanga metasediments of the Rhodesian 
Copperbelt was added from a magmatic source, whereas Mendelsohn+*°° favoured 
a sedimentary origin. Similarly, Shabynin°** 174° argued for a metasomatic origin 
of boron in the metamorphosed iron ore deposits of the Aldan shield in southern 
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Yakutia rather than the sedimentary source postulated by Serdyuchenko 28: 338; 350 
and by Egorov.°**? In general, the preponderance of recent studies seems to favour the 
remobilization of boron from sedimentary country rocks in regional metamorphism 
(see below) and in some instances in contact metamorphism.+?%?> 123° However, 
there is evidence that both processes may be operative??°°, with the intrusive magma 
representing a source of boron supplementary to that already present in the meta- 
morphosed sediments. The source of boron may arise through the absorption of 
aqueous solutions at depths from the country rocks and by a re-transfer of boron 
to the metamorphosed rocks at shallow depths (less than 6 km), according to Bar- 
sukov.?19° 

Boron content may be useful in determining whether metamorphic rocks were 
derived from an igneous or sedimentary parent rock. Several studies have shown 
that paragneisses (formed from pre-existing sediments) have higher boron contents 
than do orthogneisses.*** °1* Lyakhovich1*°° notes that the primary sedimentary 
nature of paragneisses can be determined from the composition of the accessory 
minerals, citing, among other criteria, the high magnesium content of tourmaline 
found in such rocks. Granites formed by ultrametamorphism, or partial to complete 
fusion, of sedimentary rocks appear to be enriched in boron in comparison with 
their magmatic equivalents.°*! Such enrichment of boron, however, may also be 
due to extreme fractionation rather than to a sedimentary origin; such fractionation 
may be recognizable from the concomitant concentration of elements such as 
rubidium, cesium anc thallium with boron.'*!* More importantly, boron follows 
the course of potassium and fluorine in the fractionation of magmatic materials >*”’ 
1199 and typically accompanies these elements in both regional and contact metaso- 
matism.’’* Tourmaline with a relatively high content of fluorine is probably indica- 
tive of a magmatic rather than a metamorphic (or sedimentary) origin.14°?-7 

In further discussion of the geochemistry of boron in metamorphic rocks it is 
convenient to consider the behaviour of boron in the broad divisions of regional 
and contact metamorphic processes. 


(1) BORON IN REGIONAL METAMORPHISM 


Modern ideas on the geochemistry of boron in regional metamorphism began 
about forty years ago when Goldschmidt and Peters *®®? noted that the boron con- 
tent of marine clays and shales could adequately account for the boron values of 
their metamorphosed equivalents without the necessity of externally introduced 
(metasomatic) boron. Many studies since that time have shown that the greatest 
concentration of boron in sedimentary rocks is in the illitic fraction of marine 
clays (see Boron in Sedimentary Rocks, above, and references).755: 75% 1209; 1212, 1285, 
1315,1316 Tt has been estimated®’® that about 3-3 x 10® kg of boron are removed 
annually from the ocean in this manner—about five times as much boron as is 
removed by all other processes. Mixed-layer illite/montmorillonite may also con- 
tain appreciable boron, while chlorite and muscovite contain only minor amounts. 
235, 495,1209 According to Harder!2°° the uptake of boron by illite occurs in two 
steps; first, by surface adsorption of boron and, second, by incorporation into the 
tetrahedral sites of the mica structure. The first process is rapid; the second a very 
slow surface reaction which, however, proceeds more rapidly as the temperature 
is elevated. The charge of the boron atom and its size make it probable that boron 
replaces aluminium in the highly accessible outer tetrahedral positions. Surface 
adsorption has been shown to increase with reduced crystallinity in some experiments 
on grinding and heating.1?1* Well-crystallized muscovite in sediments has a much 
lower content of boron than illite. 

Several recent studies 1212-1251, 1252, 1257 have been made of the diagenesis of marine 
pelitic sediments. Briefly, transformations are from montmorillonite to mixed layer 
illite/chlorite/montmorillonite during burial diagenesis and from mixed-layer illite/ 
montmorillonite to muscovite and chlorite during the early stages of regional 
metamorphism. During diagenesis boron continues to diffuse into the illite struc- 
ture, the process being accelerated both by higher temperatures and by greater 
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concentration of pore fluids. The polymorphic transformation of the 1M disordered 
illite into 2M muscovite, accompanying early stages of metamorphism, involves the 
expulsion of boron from the mica structure. Muffler and White+?°" have found this 
transition to occur at temperatures below 210°C in the Salton Sea geothermal field. 

There is a continuous spectrum between diagenesis and metamorphism and, with 
rising temperature, the greenschist facies appears at about 300°C.+%” In this facies 
the dioctahedral mica, muscovite, appears to be exclusively the 2M polymorph. 
The appearance of the greenschist facies thus marks the redistribution of boron 19? 
and much of the original content of the sediment may be lost to the hydrologic 
cycle at this point, accompanying other mobile components. However, much of the 
boron thus released may become fixed by the formation of tourmaline +921, which 
makes its first appearance in the lower greenschist facies. Tourmaline is the most 
abundant and important boron-bearing mineral in regionally metamorphosed rocks. 

Goldschmidt and Peters ®°° pointed out that the boron incorporated into tourmaline 
is effectively removed from the geochemical cycle. There is much evidence to sup- 
port their assertion. The extreme stability of tourmaline and its resistance to chem- 
ical and mechanical weathering processes have been long known and abundantly 
documented 1244-7 1350-3, 13858: many other references exist. Of all the heavy, non- 
opaque, clastic minerals only zircon has greater stability and resistance.1287> 1951 
Some alteration of tourmaline in the weathering profile of an iron ore deposit 
(during bauxitization) has been recorded!**®; conversely, tourmaline is said to be 
stable under conditions of laterite weathering and preserved in bauxite as a relict 
mineral.+3°> Some replacement or regeneration of tourmaline may occur in pneumato- 
lysis, greisenization, or progressive metamorphism 1%°*: 195"; see below. Replacement 
(often pseudomorphous) of tourmaline by quartz+17® 136°: 1961 flepidolite 944» 1177 #1543: 
muscovite 7? 1351, biotite 118°, chlorite &7+ 1348, cookeite °7?> 1182, 1956 and albite 1359 
have been Hue These examples notwithstanding, much boron is locked within 
the tourmaline structure for considerable periods of geologic time. As an example, 
tourmaline from tourmalinized Late Precambrian rocks of southern England and 
north-west France has been dated to 482+19 million years by the *°Ar/??Ar 
method.?%4? 

Many syntheses of tourmaline show that it forms at temperatures from about 
250° to 600°C at fairly low pressures (0:5 to 2 kb) in weakly acid to weakly alkaline 
solutions.?2°3-° All workers note that tourmaline does not form in strongly alkaline 
(or acid) solutions, which fact undoubtedly accounts for the absence of authigenic 
tourmaline in evaporite deposits such as the Green River Formation, the Kramer 
borate deposit, etc., where other authigenic borosilicates are known. Apparently 
tourmaline can form at lower temperatures in the sedimentary environment.??7° 
Tourmaline replacing anhydrite and occurring as doubly-terminated crystals in 
halite has been described.+??% 

Tourmaline may be locally abundant in the greenschist facies, making up as 
much as 90 to 95% of the layers of some schists.1271 Recent studies have shown that 
tourmaline in New Zealand schists is about as abundant as glaucophane is in glauco- 
phane schists (Clark Blake, personal comm., 1972). In general the abundance of 
tourmaline is directly related to the original content of the metamorphosed sedi- 
ments.?272: 1321 That much tourmaline results from isochemical metamorphism is 
demonstrated by its common association with graphite, carbonaceous inclusions, 
and contents of trace elements such as vanadium and chromium in metamorphosed 
organic shales.7°5: 1279, 1273-5, 1320 Widespread distribution of the mineral throughout 
a body of schist is another often-cited point of evidence.??8! The tourmaline formed 
reflects its pelitic parentage in being of dravite-schorl (that is, magnesium-iron 
tourmaline) composition with uvite (calcium—magnesium tourmaline) often re- 
ported as a minor constituent. Overgrowths of tourmaline on detrital nuclei are 
very commonly reported 127° 1272, 1277, 1286, 1288, 1289, 1362 byt are statistically rare in 
occurrence.??7" The ratio of the overgrowth to the nucleus can be used as a meta- 
morphic indicator, the proportion of the rim increasing with grade of metamorph- 
ism.?2°° One report of clinozoisite as an overgrowth or reaction rim on detrital 
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grains of tourmaline appears to be unique.!2°* The association of nearly colourless, 
possibly manganese-bearing tourmaline (tsilaisite) with piemontite has been men- 
tioned by several authors.127® 1278-80 

Tourmaline appears to be stable, with increasing pressure, to the lower part of 
the eclogite facies (although rare as only one occurrence has been reported +71”) or, 
with increasing temperature, into about the middle part of the granulite facies. Only 
a few studies have been made of the stability of tourmaline at higher temperatures 
and pressures. *2°7 1216-1269 Robbins and Yoder1?!® studied natural and synthetic 
tourmalines (of dravite composition) at various temperatures and at pressures up 
to 5 kb. At temperatures above 865°C and pressures up to 2 kb the main decomposi- 
tion products are cordierite, liquid, gas and an unidentified crystalline phase. Above 
895°C, at 5 kb, the assemblage kornerupine + sapphirine + liquid+ gas is formed. 
At 925°C and 5 kb kornerupine is no longer stable and the phases coexisting in 
equilibrium are sapphirine + liquid + gas. The associations tourmaline + cordierite, 
tourmaline + kornerupine+sapphirine, and _ cordierite + kornerupine + sapphirine 
have all been reported.11® 1290-1300 A later study by Fuh?2° generally confirmed 
these results except that he reported the iron—aluminium spinel, hercynite, to ac- 
company cordierite as a breakdown product. From the X-ray data given in this 
study it seems possible that sapphirine may have been misidentified as hercynite. 
Thus tourmaline is successively replaced by kornerupine and sapphirine in the 
higher granulite facies. Boron contents drop from about 10% of B.2Os in tour- 
maline to a range of about 1-4% in kornerupine (boron-free kornerupine has been 
synthesized but never found in rocks1?9°) and range from zero to a maximum of 
0-75 in sapphirine. While tourmaline and kornerupine are absent in the highest- 
grade granulites, sapphirine persists and may be present under the temperature and 
pressure conditions obtaining in the lowermost crust or upper mantle.+?99 1924; 1363, 
1864 This mineral appears to be the last main refuge for boron under these extreme 
conditions. Unfortunately, there are few available data on the boron content of 
sapphirine (see Table XXIII). It is also possible that boron may be present in ele- 
mental substitution or mineral impurities in the graphite found in granulites and 
charnockites °°, although Hahn-Weinheimer®** found no direct relationship be- 
tween boron and carbon in eclogitic rocks. Dumortierite may also be found in the 
lower granulite facies in alumina- and silica-rich rocks.1159 1293 1392-7 Tn at least 
One occurrence dumortierite was considered to have formed from earlier tour- 
maline.*?°? Axinite is rarely found in regionally metamorphosed rocks.?3?: 1186: 1302, 
1887-70, 1373 Tn any event most accounts agree that boron follows the course of other 


mobile components and is drastically depleted during progressive regional meta- 
morphism.*#*° 495,617, 755, 835, 1282-5 


(II) ROCK/WATER INTERACTION AND BORON DURING REGIONAL METAMORPHISM 


The illite-muscovite transition during diagenesis and early metamorphism is the 
important mechanism by which boron is released from sediments to the hydrologic 
cycle or becomes fixed in tourmaline. Althaus and Johannes !2°° using sodium chloride 
solutions at 1 kb pressure and temperatures from 350° to 550°C to react with illite, 
glauconite, or montmorillonite, found that the 2M muscovite formed as a reaction 
product. This is in accord with previous studies on natural pelitic sediments (see 
above). Studies by several New Zealand workers 478 7%: 1202; 1205, 1211 have shown 
that hot saline solutions are capable of leaching large proportions of the boron, 
chlorine, ammonia, lithium and other constituents from a wide variety of rocks 
present in the New Zealand geothermal field. Significant boron is removed at tem- 
peratures as low as 200° to 300°C, the efficacy of the process increasing with rising 
temperature. Almost all of the surfacially adsorbed boron is removed by this process, 
but the boron apparently bound within silicate structures, volcanic glass, etc., is 
not removed until near-melt temperatures are attained. They have shown that this 
leaching process could account for the composition of the thermal waters found in 
the New Zealand geothermal field. Waters of similar composition have been des- 
cribed by White **?® 1219-21 as being possible ‘metamorphic waters’. Further studies 
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of such waters (17°1'1215, and others) indicate that the common characteristics of 
these waters are high contents of bicarbonate, boron and ammonia ions, nearly 
neutral pH and temperatures only a little above mean annual temperature. A high 
boron: chloride weight ratio is also characteristic of such waters and a high boron: 
potassium ratio may be significant. Meagre data from New Zealand?!2!° indicate 
that the boron: chloride ratios of the springs have been quite constant since records 
were kept (from about 1937 to present). 


(III) BORON IN CONTACT METAMORPHISM 


In contrast with regional metamorphism, which occurs over broad areas at rela- 
tively high pressures and low temperatures, contact metamorphism is distinguished 
by local effects (from a few mm to several km) at relatively high temperatures and 
low pressures, occurring at or near the contact of an intrusive (or extrusive) mag- 
matic body. The effects of metamorphism vary in magnitude and intensity depend- 
ing upon the depth of emplacement of the magmatic body and the nature of the 
invaded country rock.***: 1294, 1313,1412 Mfetamorphic changes are produced by the 
heat and fluids emanating from the magma and are generally allochemical (meta- 
somatic) in nature, although isochemical changes (disregarding water content), 
due entirely to thermal effects, may occur. Contact metamorphism has been thor- 
oughly reviewed in a monographic study by Reverdatto!*12 which may be con- 
sulted for further details. 

Boron arrives in contact metamorphic rocks by two main processes which may 
operate in unison or independently. In the first instance, the element is concentra- 
ted in the residual melt of an intrusive magma ®*® and is transferred, along with 
other volatiles such as water, carbon dioxide, hydrogen fluoride, hydrogen chloride, 
etc., to the invaded country rock; in the second, pre-existing boron in the country 
rock is mobilized in the metamorphic process. Boron, together with lithium, tin, 
lead and other metals may be diffused from the country rocks and then assimilated 
by the intrusive magma. The mobile elements are thus transported from the country 
rock to the hydrothermal vein systems.°**: 1°85 The overall boron content of the 
intruded rock is generally lowered by contact metamorphism.*** &1” 895: 1282-5 
Boron contents of various facies of contact-metamorphic rocks, studied by Harder ***, 
range from a high value of 750 p.p.m. of boron (in a weakly metamorphosed pelitic 
schist) to a low value of 30 p.p.m. (in an argillite contact fels). While boron is found 
in substitution in silicate minerals of contact-metamorphosed rocks (Table XXIII), 
most of the boron is present as independent borosilicate and borate minerals. Com- 
mon borosilicate minerals are, in approximate order of abundance, tourmaline, 
axinite, datolite, and danburite; less common to rare are grandidierite, serendibite, 
and harkerite. The most important borate minerals are ludwigite, vonsenite, fluo- 
borite, and szaibelyite (others are listed below and in Table XXIX, p. 112). The 
borosilicates are found in hydrothermal veins, contact aureoles, and skarns, whereas 
the borates essentially are restricted to skarns (for example, see 7°°). 

Skarns are metasomatic rocks consisting of magnesium-calcium-iron silicates 
and aluminosilicates formed in high-temperature zones of contact halos as the re- 
sult of interactions between essentially carbonate rocks and magmatic solutions }*°° 
1412. borates are localized with various ore minerals in skarns (see discussion 
p. 113). As noted by Reverdatto1*12, the literature on skarns alone contains some 
thousands of names (and most of these are Russian, for skarns represent a com- 
mercial source of boron and other elements in the U.S.S.R. and consequently they 
have received extensive study in that country). In addition to the important review 
of skarns by V. A. Zharikov!*°°, there are general references on skarns and attend- 
ant boron mineralization and geochemistry.®9?: 1199 12441249 The following discus- 
sion of boron in skarns is necessarily oversimplified. 

There are two principal groups of skarns: magnesian and calcareous.**% 1199 
1409,1412 Mfapnesian skarns are formed by the replacement of dolomite or other 
magnesium-rich rocks at abyssal depths by plutonic intrusive rocks at relatively 
high temperatures.°*° 125? Calcareous skarns originate by the alteration of lime- 
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stone, terrigenous carbonate, or volcanic carbonate rocks at hypabyssal (inter- 
mediate) depths ordinarily in the post-magmatic stage at relatively low tempera- 
tures.24° 1199,1412 The twofold division is important for the commercial deposits 
of boron, with few exceptions??°°, are found in the magnesian skarns.°4?- 1199 1232, 
1409 Boron minerals occurring in magnesian skarns include azoproite, fluoborite, 
harkerite, hulsite, jimboite, kotoite, kurchatovite, ludwigite, orthopinakiolite, 
pinakiolite, sakhaite, serendibite, sinhalite, suanite, szaibelyite, tourmaline, vonsen- 
ite, warwickite, and wightmanite. 

As noted above, the ludwigite—vonsenite series are the commercially most im- 
portant borate minerals in magnesian skarns. Aleksandrov and others119% 1223, 
expanding an hypothesis originally proposed by Marakushev?2® 1233, show that the 
parageneses and compositions of minerals associated with the ludwigite—vonsenite 
series in magnesian skarns can be correlated with the iron content of the ludwigite. 
Thus, with the iron content expressed as f= FeO/(MgO+ FeO) (contents in mol.-%) 
there is a distinct separation between the magnesioludwigite (f=0-25°%), ludwigite 
(f= 25-75%), and vonsenite (f= 75-1004) parageneses. Associated minerals con- 
sidered in these parageneses are those typically found in high-temperature magnesian 
skarns: kotoite, suanite, fluoborite, forsterite (olivine), minerals of the humite group, 
pyroxenes, garnets, idocrase, amphibole, tourmaline, magnetite, periclase, carbon- 
ates, and silicoborocarbonates (sakhaite, harkerite). A relationship between the 
composition of the borates and the silica content of the medium was ascertained 
by a diagram of mineral parageneses plotted in coordinates of the log (silica acti- 
vity) against the log (boric oxide activity). Further experimental data on the influ- 
ence of f, boric oxide activity, and other physicochemical conditions are given by 
Nekrasov?2°> and others.?24: 333: 784, 1242, 1409, 1412 Other selected references on mag- 
nesian skarns 227? 334; 337, 346, 349, 353, 354, 355, 359, 778, 789, 878, 886, 1224, 1225, 1233, 1238, 1240, 
1241, 1246, 1247 smaysbe:consulted. 

Boron minerals present in calcareous skarns are: axinite, cahnite, calciborite, 
danburite, datolite, frolovite, korzhinskite, nifontovite, nordenskioldine (occurs 
especially with borosilicates*??°), olshanskyite, pentahydroborite, sibirskite, szai- 
belyite, tourmaline, uralborite, and vimsite. Boron mineralization is superposed 
(i.e., postmagmatic) upon calcareous skarns, skarn-like rocks, and hornfels. Boron- 
bearing calcareous skarns are commonly found on limbs of synclines and anticlines 
especially where the metamorphosed rocks are broken by fractures and faults.’®? 
In a typical occurrence “8° +226, boron mineralization took place in three stages: 
first, the formation of a skarn composed chiefly of wollastonite, manganheden- 
bergite, and andradite; second, the introduction of the borosilicate minerals axinite, 
danburite, and datolite; and third, the deposition of calcite, fluorite, and boron- 
bearing apophyllite (see Table XXIII). The borate minerals commonly occur re- 
placing calcite as pockets, veinlets, and small lenses.+??° 

In some calcareous skarns boron (and beryllium, lithium and fluorine) do not 
form independent minerals, but are found in substitution in various silicate minerals, 
most notably idocrase, which contains three to five times more of these elements 
than associated garnet or pyroxene “®! (and see Table XXIII). The boron content of 
some skarn minerals can be used as a guide in prospecting for concentrations of 
boron.°°’ The association of tin with boron in both calcareous and magnesian 
skarns has been discussed by Nekrasov and co-workers ??%°-" and by Shabynin.787 
Further: «references«on'«calcareous; sskarnsinare 13*4.244: 244,4048,.4222,5027, 1228, 0231. 


1239, 1243,1410' For additional general references on both magnesian and calcareous 
skarns see: 336, 356, 788, 891, 1229, 1244, 1245, 1248, 1249, 1318 


([V) BORON IN SERPENTINITE 


The boron content of ultrabasic rocks has been found to increase upon serpentin- 
iZation.*9% &13, 542, 790, 1322, 1323, 1326,1417 The absolute boron content depends upon 
the character of the primary ultrabasic rock rather than upon the degree of serpen- 
tinization; higher values are found in serpentinites formed from peridotites than 
from dunites.°*? Boron present in serpentinites may be present as boric acid solu- 
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tions in zeolitic water®**°**, bound within the serpentine structure itself>#2> 1926, 
and as independent boron minerals such as szaibelyite®+* 152° and datolite.118° As 
in the case of other metamorphic rocks there is disagreement as to whether boron 
in serpentinites is supplied by a magmatic source (in this instance by ultrabasic 
rocks) or arises from enclosing sediments. Some boron may be released through the 
conversion of ludwigite to szaibelyite.®** Thompson and Melson+*°° have suggested 
that serpentinization of oceanic crusts was accomplished by boron-containing 
juvenile solutions which also furnished boron to the ocean. 


Boron in Coal 


Coal is the naturally-occurring rock-like black to brown derivative of forest-type 
vegetation which has been buried, compressed, and altered to a solid material of 
high carbon content, containing varying amounts of organic compounds. Gold- 


Table X XIV.—Boron in Coal 


Location Boron content, p.p.m. Reference 
In coal In ash 
U.S.A. 
Northern Great Plains 116 579,924, 925 
Appalachians 25 
Eastern Interior 2200 920, 922 
Western 33 
West Virginia 80-960 589, 600 
N. and S. Dakota, Texas and 

Colorado 100-10,000 598 
Canada 
Nova Scotia 6-25 52-220 599, 603 
British Columbia, Yukon and 

N.W.T. ‘Detected’ 601 
New Zealand 
North Island 0-465 0-14,900 610, 1064 
South Island 0-240 0-4300 
Australia (NSW): 2-300 577, 602 
Falkland Islands (metamorphosed) 20-250 605 
South Africa 574 
Transvaal 12-68 
Natal 11-89 
Orange Free Stat 84-109 
India (Assam, Bengal, Bihar, 

Hyderabad) - ‘Small trace’ 609 
North Wales (Vitrain) 100-1000 616 
Germany and England 3100 612 
Germany (Ruhr) 3-5-6:0 1009 
Germany 5-420 70-10,000 + S72 
Austria 600 max. 4600 max. 593 
Czechoslovakia (Handlovia) 51-644 585 
Poland 3-8-20-1 575, 576 
Coal-tar from above 0-2-3 
Coal-tar coke 0-8-16°6 
E. Germany (lignite) 2-236 54 34582 

3-90 mostly 
Lusatia 99-105 620 
Spitzbergen 1000-20,000 595 
Portugal (anthracites) 10-1000 583, 604 
U.S.S.R. 916 
Angara-Chulum Depression 

Coastal-Oceanic 87-146 

Alluvial-Coastal Oceanic 24-53 

Lacustrine 8-36 
Transbaikal 10-100 909 
Kubulkei Syncline 78 2270 
Don and Kuznetsk Basins up to 10,000 606 
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schmidt and Peters in 1932 discovered the presence of boron in coal ash®!?; since 
that time a number of coals have been investigated. Many metallic elements have 
been found in coal and coal ash®??, some of which are extracted commercially °9”; 
to date the commercial extraction of boron has not proved economical.°°®° 

The boron content of coal and the associated sediments is related to the paleo- 
salinity.°’7 92, 999-1009 The coal-forming vegetation is at least a partial source of 
boron.®?}; 613 The boron content of coal is considerably higher than that of the 
earth’s crustal average, the coefficient of enrichment being about 10? to 10%.58% 589: 
615,662 The boron content of most coals is in inverse ratio to the ash content ®72 1°64. 
and is largely confined to the organic material, present.°7° °78 587; 597, 909, 910, 916, 923 
In many coals the boron is contained almost entirely in the vitrain.®°®!’ °13 ‘Boron 
contours’ have been established for some New Zealand coals, where additional 
boron may have been introduced by hot-spring activity after coal formation; the 
North Island coals have more than twice the boron content of coals found on South 
Island.1°°* The boron in most coal is non-volatile®’°, although if fluorine is present 
half or more of the boron will volatilize on burning.®’* In coal ash most of the boron 
is water soluble if it has not been heated above 800°C./°%* In some coalfields the 
boron content, in conjunction with the lead and to a lesser extent the beryllium 
content, can be used for correlation and identification of non-fossiliferous forma- 
tions.29° 95-1009 Tn some peat and low coals the boron content increases with depth 
and degree of decomposition of the peat.°°* The distribution of boron in North 
American coals follows a lognormal pattern.?°"? 

Boron compounds resulting from the combustion of coal will condense (with the 
ash) on boiler tubes, contributing to the lowering of efficiency of the boilers.®°° The 
boron content of coal becomes extremely important when coal is used to make 
graphite for electrodes or atomic reactor components.°”? 

The boron content of some coals is given in Table XXIV. Additional information 
on the subject will be found in references 58° 581: 584; 592, 614, 769, 901, 919, 960. 


Boron in Petroleum 


Data on the boron content of petroleum are few, although a considerable volume 
of literature has appeared concerning the boron content of the associated oil-field 
brines. The available data are mostly concerned with Soviet Russian oilfields. 

In many oilfields the boron content of the petroleum decreases with stratigraphic 
depth, whereas the reverse is true for the associated brines, which tend to become 
increasingly alkaline with depth®°° 91%; in some areas the older oils are higher in 
boron content than the more recent oils.°°® The distribution of boron between the 
oil and aqueous phases is little understood °°°, but it is probably an equilibrium fac- 
tor. Since petroleum is presumed to be of biogenic origin, much, if not all, of the 
boron content may be primary, although some of it may have been derived from the 
host rocks.®°7: 698 993 Methanic (paraffinic) petroleums are lowest in boron content, 
and naphthenic (asphaltic) oils are highest.°°* The boron content of the resinous 
or waxy fractions is higher than that in other fractions.°°* °°* An example is furnished 
by an oil from Podkirmakinsk formation of the Lake Artema field, as shown in 
Table XXV. 


Table X XV.—Boron in Petroleum Components? 


Component Boron content, % of sample *% of total boron 
p.p.m. content 
Whole petroleum sample 0:466 100 100 
Saponifiable wax 0-316 20-52 67:8 
Unsaponifiable wax TEE 24:2 
Asphaltenes 0-008 0-008 1-7 
Residual oil Trace 78:60 Trace 
Unaccounted for 0-029 6:3 
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The boron content of petroleum ash approximates that of the earth’s crust.°?? 
Some of the early values for the boron content of petroleum may be low due to boron 
loss by volatilization during conventional ashing prior to analysis; the preferred 
technique employs oxygen-bomb combustion, whereby all of the boron is re- 
covered.°°? Attempts have been made to produce a boron-free petroleum coke which 
could be graphitized for atomic reactor and spectrograph electrode use, but the 
coke contains 0-1 to 0-8 p.p.m. boron.®°° Some published values for boron in 
petroleum are given in Table XXVI. 


Table X X VI.—Boron in Petroleum 


Location Reference 


Boron content, 
p.p.m. 


Lower Volga 0-0-003 623 
Azerbaijan and Volga-Ural region 7-104 903 
Kum-Dag and Nebit-Dag, Turkmenia 0-3-3-0 904 
Dagestan (petroleum ash) 12-1219 596 
Utah (oil shale) 136 619 
Alaska (oil shale) 500 898 


Additional references on the subject include 29% 899 911-912, 915, 


Boron in Soil 


Soils are formed by rock weathering and alteration by physical, chemical, and 
biological forces to such an extent that they will support rooted plants. As such, 
they are of diverse types, and the boron content is at least as varied as that of the 
parent rocks; the soil boron content is often greater than that of the parent rocks. 
Soils formed from the weathering of marine sediments and volcanic formations are 
considerably enriched in boron.®2? 

The earth’s soils may be divided into two types which are differentiated by their 
boron content: low boron content (below 10 p.p.m.) and high boron content (up 
to 100 p.p.m. or more). The low-boron-content soils are most of the soils of the 
earth, some of which are boron deficient, and are often found on ancient plains, and 
include most ‘wet’ areas. The high-boron-content soils include the regions of recent 
volcanism and boron salinization, such as the Great Basin and Mojave Desert areas 
of western U.S.A., and a band across the Mediterranean through Turkey, Iran, 
and the Aral-Caspian lowlands of Kazakhstan.®??: °8° 

Normally only soluble boron can be utilized by plants.°°? Since boron occurs in 
soils in both soluble and insoluble form, this must be taken into account when 
considering the suitability of a soil for a particular crop. The soluble boron is usually 
about 10% of the total.®°?? The availability of boron for plants depends on several 
factors, which include the following: 


1. The calcium: boron ratio. An excess of soluble boron can injure young plants; 
sufficient calcium can convert the soluble boron to the slowly soluble calcium 
form, preventing boron injury and supplying boron to the plant for a longer 
period of time.®®° 

2. The humus content of the soil. Soils rich in humus lose boron by the formation 
of easily soluble organic boron compounds, particularly in non-alkaline soils; 
boron is then lost by leaching or plant absorption.°®° 

3. The percentage of boron ‘locked up’ as tourmaline. Some of the boron present 
in soils is gradually incorporated into authigenic tourmaline, which is very 
refractory and extremely resistant to weathering. The boron is thus effectively 
‘locked up’ and unavailable for plant use.°°? 


In addition to the boron derived from the parent rock, boron is contributed to 
soils by irrigation and flood water, rain, decomposed vegetation, fertilizers, etc. 
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Table X XVII.—Boron Content of Soils 


Location 


U.S.A. 

Podzols 

Grey-brown podzolic soils 

Red and yellow podzolic soils 

Half-bog, Ground-water podzols, 
and Muck soils 

Prairie, Chernozem, and Brown 
soils 

Red Desert soils 

Non-calcic Brown soils 

Alluvial soils 


Boron content, p.p.m. 


Acid soluble 


Total 


Reference 


1078 


India 0:3-9:9 887 
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India (Gujarat and Saurashtra) 0-2-1°5 434 
India (Bengal) 0-4-2:0 424 
India (many kinds of soils) 6°6-66°1 435 
India (Limbdi and Vicinity) 454 809 
Location Water soluble Total Reference 

India (Punjab), Saline-Alkali, 0-6” 1:2-4:8 395 
Inner Mongolia 46 367 
Iraq 0-1-12 1073 
Italy (Apulia) 0:13-1-38 422 

(Bari) 0°65 av. 

(Taranto) 0°44 av. 
Italy (Liguria) 0:10 439 
Karelian Aut. S.S.R. <1 <10 413, 419 
Latvia 0-02-2:0 1:5-35 389, 392, 420 
Lithuania 0-11 406 
‘Middle Asia’ 112 907 
Norway 0-14-0-39 402 
Poland 0:04-0:98 2:3-56 373, 374, 383 
Romania (Moldovite Basin) 25-32 918 
Sardinia ‘small amount 940 
Spain (Salamanca) 0:06-0:78 4-2-18:2 400 
U.S.S.R. 

Azerbaidzhan 8—22°4 411 

Baikal Region of Siberia 5-20 371 

Bashkir Aut. S.S.R. (Forest Steppe) 25-30 368 

Bukhara 0:2-5:7 39-6-272 1055 

Forest Steppe 0-27-45 405 

Georgian S.S.R. (Western) 0:25-0:70 442 

Golodnaya Steppe 0:4—5 110-2210 393 

Russian Plain along 40th Meridian 1:2-17 426 

Sorochin District 0-53-17 431 

Tadzhikistan 0-1-2 45-350 401-32 

Tatar Aut. S.S.R. 0-2-1-0 404 

Ukraine 0:2-64:4 362, 417, 429 

Ural Region 0-23-4-4 397 

Uzbekistan 0-025-0:035 | 31-5-74 372, 410 

Volgograd Region 0:15-7-3 398 
U.S.S.R. 622 

Podzolic Humus-illuvial soils not detected | trace-3 

Podzolic soils 0-19-0-41 1:5-77 

Forest soils 0:33-0-34 1-2-9 

Chernozem soils 0:32-0:87 4-17 

Chestnut soils 0-39-1°1 1-12 

Serozem, Solnetz, Solonchak soils 0-48-18 18-220 

Red soils 1-5-6 
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Clayey soils tend to accumulate boron by fixation, whereas sandy soils do not.?92> 441 
The soil pH usually has little correlation with the boron content *?*; however very 
acid soils are usually also very low in boron content.1°7® The average total boron 
content of the soils of the U.S. is about 30 p.p.m.1°7®; that of all soils of the earth 
is from 10 to 20 p.p.m.°?? Applied boron tends to migrate downward with time, 
faster and to a greater extent in sandy soils than in clayey soils °°: 441; this is especi- 
ally notable in wet climates. The sandy soils of West Pakistan, for example, are 
largely deficient in boron owing to rain leaching and erosion.**” Boron in alluvial 
soils is usually higher downstream than upstream, following the course of the 
river.°®? Where sufficient calcium sulphate (gypsum) is present, water leaching is 
effective in removing excess boron; this principle has been utilized in the Coachella 
Valley of California.*1® 

A listing of some of the published values for the boron content of soils is given 
in Table XXVII. 

Whetstone et al.?°’8 and Vinogradov®2? show the boron content of many soils 
from diverse locations and have extensive bibliographies. Other references concern- 


ing boron in soilcinclude the following: °09'°%! 262°: 869. 370,°377—82;'364-8, 390, 391, 
394-6, 399,403, 407-9, 412, 414-16, 421,423,425, 427, 428, 430, 433, 436-8, 440, 443, 445, 446, 791-8, 800-6, 


808, 810-12, 1002, 1005, 1059, 1062, 1076 


BORON ISOTOPE RATIOS 


Boron occurs naturally as a mixture of two stable isotopes, boron-10 and boron-11, 
contained in many minerals wherein boron is an essential constituent, and also in 
many other minerals (and rocks) in trace amounts, with the boron substituting for 
silicon or aluminium (see Boron in Sedimentary Rocks, above). The cosmic ratio 
of 11B/?°B was calculated to be 4:33 by Suess and Urey in 1956°7? from theoretical 
considerations. In 1946 Ingram obtained the value of 4:311 for this ratio, using com- 
mercially available boron trifluoride in a mass spectrograph?°°>, measuring mass 
numbers 48 and 49 for BF3. Since then many researchers have re-determined this 
ratio, using improved instruments and techniques. It has been found that boron 
trifluoride is not an ideal substance for use in a mass spectrograph, as it has a 
‘memory effect’, and attacks glass, quartz, and diffusion-pump oil, causing the 
introduction of impurities which affect the values obtained.92” 999-1957 Boron 
trichloride is found to be superior to boron trifluoride in the respect that it is 
less reactive towards components, but it causes difficulty due to the high incidence 
of interfering ions.°?” Other ‘gaseous’ preparations were utilized, such as methyl 
borate ?°°8 928, boron hydrides?°°®, etc., but the greatest advance came in about 
1960 with the development of a ‘solid source’ mass spectrograph. Since then a 
number of workers have studied this problem, using borate and boron-bearing 
minerals and rocks from world-wide sources, as well as meteorites, utilizing the 
technique pioneered by McMullen et al. in 1961, measuring NazBOZ ionic peaks 
at mass numbers 88 and 89141, and using sample preparation techniques which 
avoid isotope fractionation.1°° 

Several authors report no variation of the 11B/?°B ratio using different minerals 
as a boron source??? 928: 1067, Whereas others, using what might be considered more 
reliable preparation methods and the ‘solid source’ technique, find real differences 
in this ratio for different minerals, even when from the same source.?3: 1°57: 1066, 930 
Variation in the 11B/?°B ratio has been noted in the same mineral from different 
horizons but the same location.'*!°?° Differing instruments and instrumental 
operating conditions also produce significant differences in this ratio, as great as 
OF 12.208" 

Boron is a highly mobile element, and as such it has been suspected that isotope 
fractionation could occur as a natural geochemical process, during and since de- 
gasification of the mantle.°2° 929 934 Siberian kimberlites and meimechites have 
been shown to be enriched in boron-11 as compared to basalts, and suggest a 
11B/?°B vertical gradient within the mantle.°?° Recent laboratory experiments have 
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Table X X VIII.—Boron Isotope Ratios 
Rocks and sea water 
Method* Material Place of origin 11B/1°B Reference 
(c) Kimberlite Siberia 4-115 926 
Meimechite Siberia 4-118 
Picritic Basalt Siberia 4-060 
Polphyric Basalt Siberia 3-972 
(a) Gabbro Insizwa (Japan) 4-102-4-108 | 930 
(a) Basalt Hawaii 4-051 931, 1068 
Basalt Mohole Project 4-042 
Gabbro not given 4:092-4-104 
Slate (Paleozoic) not given 4-100—4:108 
Granite G-1 U.S.G.S. Standard 4:063-4-066 
Diabase W-1 U.S.G.S. Standard 4:039-4-054 
Sea water Pacific Ocean 4-071 
Sea water Tokyo Bay 4-020 
(a) Sea water Tokyo Bay 4:041 930 
(a) Sea water Pacific Ocean 4-216-4-223 | 763 
Sea water Atlantic Ocean 4-214 
Sea water Arctic Ocean 4-236 
‘Terrestrial rocks’ 
mean 4-029 
Minerals 
Method Mineral Source 11B/2°R Reference 
(a) Colemanite California, Turkey 3-995 1066 
(a) Colemanite Turkey, Argentina, California | 3-991-3-993 930 
(a) Tincal (Native 
Borax) Searles Lake, Calif. 4-068—4-072 141 
(a) Borax from brine | Searles Lake, Calif. 4-040 141 
(b) Borax from brine | Searles Lake, Calif. 4-370 1057 
(b) Tincal Tibet 4-326 1057 
(a) Tincal Argentina, Kashmir 3-981-4-033 930 
(a) Tincal California 4:24 1068 
(a) Inyoite Turkey 4-037 930 
(a) Inyoite Kazakhstan 4-141 1066 | 
(a) Ulexite Argentina 3-922 1066 
(b) Ulexite Argentina 4-270 1057 
(a) Ulexite Argentina, Turkey 4-:069-4-073 930 
(a) Datolite New Caledonia 4:057-4:061 930 
(b) Sassolite Tuscany 4:411-4-416 1057 
(a) Sassolite Japan, Italy 4:073-4:121 930 
(a) Pandermite 
(Priceite) Turkey 4-069 930 
(b) Pandermite 
(Priceite) Turkey 4:291-4-297 1057 
(a) Hambergite Madagascar 4-026 1066 
(a) Szaibelyite B.C., Canada 4-064 1066 
(a) Howlite California 3-962 1066 
(b) Kernite (Rasorite) | California 4-322 1057 
(b) Boracite (Stass- 
furtite) Germany 4-422 1057 
(a) Hydroboracite Argentina 4-061 930 
(a) Tourmaline Finland 4-005 930 
(a) Kotoite Korea 4-045 930 
(a) Inderite 
(Kurnakovite) Argentina 4-069 930 


* Procedures used: (a) NazBO3, mass 88 and 89. (b) BF, mass 48 and 49. (c) Method 
not stated. 
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Table XX VIII.—(continued) 


Meteorites 
Method Name and type 11B/2°B Reference 
(a) Toluca Iron 3-85 10685 ends 
Richardton Chondrite 3°81 
Ehole Chondrite 3°82 
Achilles Chondrite 3-90 
Pasamonte Achondrite 3:96 


confirmed that it is possible to effect an isotope enrichment using a borate solu- 
tion and a clay column?°’’; sea-water is about 2°% enriched in 11B, owing to selec- 
tive adsorption of ?°B by illite in the oceans.’®? 

The 11B/?°B ratio as determined by various workers is shown in Table XXVIII. 
Method (a), measuring the NaBO? ionic peaks at mass numbers 88 and 89, gives 
what are generally agreed to be the most reliable values. Considering only the 
values for the 11B/?°B ratio as determined by this method, it is apparent that there 
is a real difference in different minerals, and perhaps a constancy for any given 
mineral wherever found. 


CONCENTRATION OF BORON 


Boron has been locally concentrated by a number of geochemical processes, 
resulting in several distinct types of deposits. These include the following: 

I. Endogenetic Processes 
II. Metasomatic Processes 
III. Exogenetic Processes 


A. Mechanical Concentration 
B. Chemical Precipitation 
1. Halogenetic Concentration 
(a) Marine Evaporites 
2. Volcanogenetic Concentration 
(a) Soffioni 
(b) Borax Lakes 
(c) Playa Deposits 
(d) Bedded Lacustrine Deposits 
(1) Calcium Type 
_ (2) Sodium Type 
(3) Magnesium—Calcium Type 
All major and many minor boron concentrations occur along extensive deep-seated 
fault systems, where the Cenozoic tectonic-volcanic belts pass through regions of 
arid climate. These have been described as the Pacific Ocean Boron Belts, producing 
the Cordilleran Borate Province with its exogenetic manifestations in North and 
South America and endogenetic deposits in Asia, and the Mid-Asiatic or Mediter- 


ranean Boron Belts with their Mediterranean Borate Provinces. (See map, Fig. 3.) 
823, 885, 891, 1035, 1051, 1106 


I. Endogenetic Processes 

Endogenetic processes include crystallization from melts, such as in igneous 
rocks and pegmatites, as well as precipitation from solution, generally at elevated 
temperatures. Most such occurrences are where sediments are intruded by granitic 
rocks.®7® When magmas crystallize, much of the retained boron is concentrated in 
the residual melt, and upon final solidification forms borosilicates such as tour- 
maline, particularly in the upper portions.®?°1°°> At depth borates of iron, mag- 
nesium, and manganese are formed.®®* ®8° 891 Concurrently or subsequently high- 
temperature minerals may form in metalliferous veins of the pneumatolytic-hydro- 
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thermal type.°°° Hypogenetic reactions occur within the earth under reducing 
conditions, and derivatives of gas-water-acidic reactions have given rise to many 
large magnetite-ludwigite ore deposits, as well as forming kotoite, tourmaline, 
danburite, axinite, fluoborite, etc.8% 886 1035, 1095, 1096 Commercial boron produc- 
tion from endogenetic deposits has been minimal, although some progress has been 
reported in Japan utilizing ludwigite ores®’*, and in Russia utilizing datolite ore.®5*> 


871, 875, 876 


Other references on the subject include 22: 325: 337, 345, 790, 891, 1050, 1194 


Table XXIX.—Some Endogenetic Boron Minerals (Non-Pegmatite) 
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Mineral 


Axinite 
Danburite 
Datolite 
Fluoborite 
Harkerite 
Hulsite 
Jimboite 
Korzhinskite 
Kotoite 
Ludwigite 
Nifontovite 
Orthopinakiolite 
Sakhaite 
Serendibite 
Sibirskite 
Sinhalite 
Stillwellite 
Suanite 


Sussexite 
Szaibelyite 
Uralborite 
Vonsenite 
Warwickite 


Reference 


1199 
1199 

1199 

886, 1094, 1199 

1199 

1094, 1199 

1094, 1199 

1094, 1199 

1094, 1097, 1199 

886, 1094, 1095, 1096, 1199 
1094, 1199 

1094, 1199 

1199 


1093, 1199 
1094, 1199 
1094, 1199 
fel, SEoo 

886, 1094, 1199 


1094, 1199 

886, 1094, 1097, 1098, 1099, 1199 
1094, 1199 

1094, 1096, 1199 

886, 1094, 1199 
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II. Metasomatic Processes 


Metasomatic processes involving the migration of boron-bearing fluids at prob- 
able temperatures of 300-500°C are responsible for the formation of magnesium 
borates from previously formed silicates and oxides in dolomite-granite or mag- 
nesite-granite contact aureoles. A similar process has occurred in manganese 
carbonate ores, particularly in Japan, forming manganese borates. At Hol-Kol in 
North Korea, and at Yakutia, the boron concentration in dolomite is high enough 
for commercial boron recovery.?2* 1935; 1097 

In non-carbonate rocks, borosilicates are formed. Recently, much study has been 
given to the association of boron with non-borate ore deposits, principally metallics; 
the boron may have served a fundamental complexing function in the metal migra- 
tion and resulting formation of many ore deposits.5°*1114 Among these may be 
mentioned deposits of iron 328, 628, 633, 649, 771, 946, 954, 959, 964, 966, aR? copper 347, 348, 
540, Bas: gold 935, “a tin 550, 657, 949, 960, 967, gee. tungsten??? 943, Soe lead 864, Re, 
zinc 8°; 938) barium 9°”, uranium 94°, aluminium %**, rare earths 9°?’ 9°3, mercury 28% 
773 diamonds °!? 1961, manganese?2?°, beryllium °%5?; also clays 27% 747 945, nitrates 957, 
salines °°? and miscellaneous ores.?2°: 658 947, 955, 956, 962,986 Roron has been found 
to concentrate in dispersion haloes around metal deposits, and can be used as an 
indicator in prospecting. > 644: 649, 935 


Ill. Exogenetic Processes 


Exogenetic processes of several types are responsible for most of the industrial 
or commercially valuable boron deposits currently being utilized. These have been 
characterized as mechanical concentration and chemical precipitation. 


A. Mechanical Concentration 


Mechanical concentration processes are best illustrated by the tourmaline sand 
type of deposit, wherein those rock constituents less resistant to weathering are 
altered and washed away, leaving behind the highly resistant tourmaline residues. 
Little use has been made of this type of deposit, although some experimental work 
has been done in Japan®’® 8’? and Russia ®° 9°9 on the utilization of tourmaline 
and datolite concentrates in the production of special glasses and boric acid. 


B. Chemical Precipitation 
1. Halogenetic Concentration. Magnesium borates predominate. 
(a) BORON IN MARINE EVAPORITES 


At a number of places in the world there occurs a special type of marine sedi- 
ment, the sometimes immense buried salt deposits which are the result of sea water 
evaporation. These are principally of Permian age++* +45: 148 164, 184, 185, 194, 198, 199, 
224,225' but some are older ®®> °88 and some younger.2°° &’ The most extensively 
studied are the very large Stassfurt beds of Germany, which are at places over 
1000 metres thick and of wide geographic extent®’!; the Yorkshire beds of England 
may be a part of this same sequence.?2> 22° Other somewhat lesser but similar 
deposits occur in Oklahoma, Texas and New Mexico, also Michigan in the United 
States; Nova Scotia; the Inder uplift north of the Caspian Sea; Donets Basin; 
Siberia, etc. The introduction of sea water into the evaporation lagoons may have 
been continuous or intermittent.°”1 The concentration of the dissolved salts in- 
creased during evaporation until equilibrium solubility was reached, when precipi- 
tation began. A quite regular sequence of beds was formed, giving a series of mineral 
zones beginning at the bottom with limestone and dolomite, followed by gypsum, 
anhydrite, polyhalite, potash-free magnesium sulphate, kainite, sylvite, carnallite, 
and bischofite zones. In some instances evaporation was incomplete.°°° 

The phase-rule chemistry of evaporating sea water is quite complex and has been 
investigated by several authors.11” 149: 185, 689,1035 A number of minerals are found 
in each zone, with halite common to all zones subsequent to the lower gypsum 
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zone, which in most places has been converted to anhydrite. Some boron is found 
with the limestone and anhydrite, partially as adsorbed material in the included 
clay?3® 2°°, but possibly also included in the crystal lattice by borate ion replacement 
of the carbonate ion of the limestone or of the sulphate ion in the anhydrite. Sub- 
sequent recrystallization produced boracite from lattice-included boron and dan- 
burite from clay-included boron, both of which may be found at some places 
throughout the sulphate zones.?°?’ 2°? Hydroboracite has been identified at or near 
the calcium carbonate-sulphate interface near the lower limit of the polyhalite 
zone.19% ®71 Boron is also found in the potassium-rich zones, but most of the boron, 
along with the magnesium, remained in solution in the eutonic brine until the bischof- 
ite stage was reached, when the magnesium borates formed.?°! 1972 

The formation of the boron minerals in evaporating sea water is evidently a 


Table XX X.—Borate Minerals in Marine Evaporites 


Mineral Reference 
Aksaite 1136, 1147 
Aldzhanite 1147 
Boracite 144, 153, 189, 198, 205, 207, 208, 209, 210, 211, 212, 213, 
220, 225, 226, 671, 691, 894, 1072, 1147, 162 
Braitschite 1079 
Chambersite 1137, 1138 
Chelkarite 1147 
Colemanite* 167 
Danburite 203, 215, 223, 688 
Ericaite 207 
Fabianite 1139 
Fluoborite 691 
Ginorite 1072 
Halurgite 1140, 1147 
Heidornite 206 
Hilgardite 215, 217, 1072 
Howlite 223 
Hydroboracite 144, 164, 167, 194, 199, 671, 1072 
Inderborite 170 
Inderite 181, 190 
Inyoite* 154, 167, 222 
Ivanovite _ 1141 
Kaliborite (Heintzite) 150, 154, 173, 174, 671, 691, 1072 
Kurgantaite 157, 1142, 1148 
Kurnakovite 166, 190 
Liineburgite 146, 209, 221 
Metaborite 1147 
Para-hilgardite 216 
p-Veatchite 188, 193 
Pinnoite 198, 671 
Preobrazhenskite 160, 190, 691, 1072 
Priceite* 167, 218 
Probertite* 218, 219 
Satimolite 1143, 1147 
Searlesite 163 
Strontioborite 1144, 1147 
Strontioginorite 187 
Strontiohilgardite 688 
Sulfoborite 164, 165, 671, 1072 
Szaibelyite (ascharite) 144, 147, 150, 154, 156, 167, 204, 211, 671 
Tyretskite 1145, 1148 
Ulexite* 144, 167, 194, 218, 223 
Veatchite 224 
Volkovskite 1146 


Ss 


- These minerals seem to be formed as a result of metamorphism, often with the intro- 
duction of extraneous calcium and strontium?°?; at places pseudomorphs of calcite after 
borates are found.144 
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slow process; experiments produced only a ‘gel’ which upon dehydration produced 
anhydrous boracite.°°° 

At some locations, such as Nova Scotia and Inder, surface water has caused the 
hydration of anhydrite to form gypsum. Since boron apparently cannot enter into 
the gypsum lattice, borates are formed by the boron liberated during the hydration 
process.?®7 218: 223 At Inder particularly, this process accounts for the formation of 
commercial concentrations of boron minerals under the gypsum ‘hat’.159 167,178 
Additionally, already formed boron minerals may undergo alteration as the result 
of fresh water influence, such as the conversion of kaliborite to szaibelyite?°*: 15’, 
and the formation of ulexite, colemanite and other calcium borates from pre- 
viously existing magnesium borates.**»?°2 Most authorities agree that there was 
sufficient boron present in the original sea water which evaporated to form the salt 
beds to account for all of the boron found in these deposits, but some authors 
disagree, insisting that no boron minerals were formed in saliferous basins without 
delivery of boron from a separate volcanic primary source.®®° 

At the present time it is possible to observe a salt deposit quite similar to those 
of Permian age being formed in the Kara-Bogaz Gulf where waters of the Caspian 
Sea drain continually into the Gulf and there evaporate completely. The process 
is continuous, but seasonally variable. The waters of the Gulf are not uniform in 
composition, being diluted on the south-west by the influx of Caspian Sea water 
and subject to intensive evaporation all over the basin, but especially on the east. 
All stages of precipitation seem to be present simultaneously, from the beginning 
of halite deposition on the west to the bischofite stage in a side-bay of the Gulf 
on the north-west side.2°° While the salinity of the Caspian Sea water is only about 
one-third that of the open ocean, and the element ratio is different ®**, the principle 
is the same. 

More than 20 boron minerals which may be considered to be ‘primary’ are found 
in salt-bed deposits, plus several which seem to be the result of alteration due to 
groundwater influences. A listing of published marine evaporite boron minerals is 
given in Table XXX. 


Other references on boron in marine evaporites include the following: 149% 151-152; 
155, 158, 161, 163, 168, 169, 171, 172, 175-7, 179-82, 186, 191, 192, 195-7, 202, 214, 690, 746, 761, 867, 868, 


941, 947, 951, 965, 984, 1060, 1127, 1200 


2. Volcanogenic Concentration. Sodium and calcium borates predominate. Several 
reviews have been published.®°?: &7?: 839, 893, 884 


(a) BORON IN SOFFIONI, GEYSERS, AND MUD VOLCANOES 


These exogenic systems have been described separately above, under the heading 
of Mineral and Spring Water. Extensive installations in the Larderello area of Italy 
utilize natural steam for the production of electric power, and boric acid is re- 
covered from the condensate.*°*: *®?: 98° Since most soffioni, geysers, and mud vol- 
canoes are So situated as to allow essentially complete run-off, few large concentra- 
tions of borates from this type of source have accumulated. Exceptions are the 
deposit of sassolite in the crater of Vulcano on Lipari Island ®®°, and of borax at 
the Kertch peninsula.*°® #°° Both of these have yielded commercial quantities of 
boron minerals. 


(b) BORON IN BORAX LAKES 


A listing of published data on boron in saline lakes has been given above. How- 
ever, a few of these merit special attention. 


(1) Borax Lakes of Kashmir and Tibet 


In western Tibet and the adjacent areas of Kashmir and Jammu there are several 
borax deposits which have been worked since ancient times. These are essentially 
borax marshes or intermittent lakes fed by springs, where borax (tincal) has formed 
in layers from stagnant water; in places and at times these layers are up to three 
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feet thick.°’?’ 88° These deposits are at a great altitude, difficult of access, and have 
been little studied. Ulexite seems to be absent from these deposits.°”4 


(2) Borax Lakes of California and Oregon 


Borax was discovered in the waters and muds of Clear Lake in 1856, and nearby 
Alkali Lake (Borax Lake, Lake Kaysa) in 1857, by Dr. John Veatch, who was 
exploring the area specifically seeking borax. The lake was fed by several nearby 
borax springs. Commercial borax production got under way in about 1864, and 
continued for several years until the works were flooded out by the low-borate 
water of a flowing drilled well.4?°° The only borate minerals found here were borax 
and teepleite.11° 

Searles Lake, now essentially a playa, is the remnant of a much larger body of 
water resulting from glacier melting and transport of boron from springs near the 
north end of Owens Valley. Now dry except following scant seasonal rains, it con- 
sists of two porous salt beds separated by a layer of impervious clay. The upper bed 
is about 75 ft (23 m) thick; the lower bed is about 35 ft (11 m) thick.1*2 The exposed 
bed covers about 12 square miles (31 km?), but the total area underlain by the brines 
is about 40 square miles (104 km?).*1°? Brine permeates the pores, estimated to be 
about 25% to 40% by volume. Borax crystals are found in the salt mass, along with 
about 25 other minerals.’ +28 142, 1100,1101,1115 Jy addition to borax, three other 
borates occur here: searlesite, teepleite, tincalconite.1°9!’111° Large-scale borax 
production has been carried on here for many years, utilizing only the brine; potash, 
soda products, bromine, and lithium are also recovered.®°°-? The phase-rule chem- 
istry is very complex.!1?° 

Owens Lake, now seasonally dry, was once the terminal basin for the Owens 
River, which contained a considerable amount of boron (see Boron in Rivers 
above). With the diversion of water from the Owens River to the aqueduct of the 
City of Los Angeles, Owens Lake virtually dried up, resulting in the concentration 
of boron in the residual brine.*?® 11°! Borax was recovered for several years as a 
by-product of soda recovery.?°*° 

At one time borax was recovered from a marsh at the Repeal end of Lake 
Alvord, in Oregon.®"? 


(3) Lakes of Mexico 


Lake Texcoco, which in historic times was a fresh-water lake but now is nearly 
dry, furnishes brines from which in 1942 about 2600 tons of borax could be recovered 
annually, along with a considerable amount of soda and salt.997 


(4) Lakes in the Soviet Union 


A number of lakes in the Soviet Union, particularly in the Ural-Emba inter- 
fluve*2°- and in Central Asia?*° contain sufficient borax in solution to allow borax 
recovery, but no published record of any production has been noted. 


(c) BORON IN SPRING AND PLAYA DEPOSITS 


Playa deposits form in basins of internal drainage in areas of arid climate, some- 
times with associated alkaline borate springs. Some of these springs are situated 
close to streams so do not drain into an adjacent playa, but form borate cones and 
aprons in the immediate vicinity of the springs. Playa deposits are known from 
Nevada and California (borate marshes), and the Andean Altiplano of Peru, Bolivia, 
Chile, and Argentina (salares). 

The playa deposits of Nevada (Teel’s Marsh, Rhodes’ Marsh, Columbus Marsh, 
Fish Lake Valley) and California (Death Valley Floor) were utilized for borate 
production as early as 1870, and for the following 20 years or so. These borate 
marshes contain borax crystals and soft nodules of matted silky ulexite fibres, called 
‘cottonballs’, which form in the mud. The ulexite and borax crystallize out around 
the edges of the marshes from the waters which seasonally flood the playas, and also 
in the vicinity of springs near the edges of the marshes. There has been no com- 
mercial production from U.S. playa deposits for many years. 
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In South America, on the Altiplano along both sides of the Andean crest, is the 
Andean portion of the Cordilleran borate province, comprising about sixty known 
borate occurrences, extending more than 700 miles in a north-south direction.°*® 
Most of these deposits are of the playa type, several are of the spring type, and a 
very few are buried older (bedded) deposits. 

The Andean playa deposits, locally called salares, are found in the Peruvian 
province of Arequipa !1? 885. 892.1197 the Bolivian provinces of Ouro and Potosi®’?: 
885.1197 the Chilean provinces of Tarpaca, Antofogasta, and Atacama 21% 885, 890, 892. 
and in Argentina in the area formerly designated as the Argentine National Terri- 
tory of Los Andes, now included in the provinces of Jujuy, Salta, and Catamarca 
(the ‘Puna’).111>°73> 655, 656, 879, 883, 885, 1086 For the most part all of the above are 
at elevations of from 10,000 to over 14,000 feet (3000 to 4300 metres) above sea 
level, in a cold, very arid climate. Typically a salar will contain a central salt bed, 
with ulexite forming in the mud around the edges, from a solution saturated with 
respect to sodium chloride and sodium sulphate. Gypsum is often an accompanying 
mineral, but is more prevalent in the Chilean areas, possibly owing to the higher 
sulphur content there.11°” Often a salar borate deposit will contain two distinct 
borate horizons, separated by a layer of sand, overlain by a saline caliche crust, 
and underlain by travertine, sand, and clays. The upper borate layer, up to about 
0-5 metre in thickness, contains ‘papas’ (‘potatoes’) or soft ulexite balls from small 
granule to head size, in a sandy clay. The lower layer, usually somewhat thicker, 
contains larger lenses and layers of ulexite of a more compact nature.?°8® In addi- 
tion to ulexite, the only other primary borate minerals reliably reported from the 
salares are borax 111656. 1086, 1088, 1092) invojte 112, 113, 1086, 1089 and possibly kurna- 
kovite.1*1»°”° Volcanic rocks of Miocene or early Pliocene age underlie many of 
these deposits, and more recent volcanics are in the immediate vicinity.+1?: ®%> 89° 
At one time or another the ulexite was harvested from many of these salares for 
borate recovery, but the development of richer and more accessible deposits else- 
where has resulted in the nearly total elimination of borate production from playa 
deposits. In 1972 borax (tincal) was being harvested from Salar de Pocitos at Carolina 
in Salta, and cottonball ulexite from Salar de Cauchari at Por Venir in Jujuy.°?® 

Similar deposits are known in the Sirjan Steppe in Iran, near Shahrebabak °°? 88°, 
but no production is noted. 

Spring deposits, particularly in Argentina, consist of cones and aprons of vir- 
tually pure ulexite formed around vents, from some of which cool to hot waters 
are still issuing and still depositing borate. Gas, presumably carbon dioxide, ac- 
companies the water in several locations. The residual solutions, or ‘mother liquors’ 
do not accumulate locally, but are carried off by nearby streams, either to lakes or 
to the ocean. At one place borax accompanies the ulexite. A few spring deposits 
are being or have been mined; they range in size from a few hundred tons to over 
10,000 tons of borate. These deposits have all the diversity of form found among 
recent calcareous tufa and siliceous sinter deposits; accompanying minerals are a 
small amount of halite and some calcite, principally as an incrustation.??9” 


(d) BORON IN BEDDED LACUSTRINE DEPOSITS 


As used herein, bedded lacustrine deposits include those borate deposits which 
are obviously of non-marine lakebed origin, as well as some others (which gener- 
ally show a bedded structure) whose origin is less certain; they may represent 
ancient playas or spring deposits which have been buried and subjected to tectonic 
forces. Such deposits are known in several parts of the world. Several types are 
known, which include the calcium type (ulexite-colemanite), the sodium type 
(borax—kernite), and perhaps a magnesium-—calcium (hydroboracite) type. 


(1) Calcium Type (Ulexite—Colemanite) (Fig. 2, Section A1) 


Presumably the borate in the ulexite-colemanite type originally consisted only of 
ulexite in most deposits, but inyoite may have been a primary mineral in some.'*?: 
112,1089 Subsequent leaching by groundwater and recrystallization converted all 
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or a part of the ulexite to colemanite.®°°° In some areas pseudomorphs of colemanite 
after inyoite have been found.®°? Typically such a deposit will consist of lenticular 
strata of ulexite and/or colemanite alternating with tuffs, clay-shale, and limestone. 
Individual borate layers may be as thick as 30 feet (9 m), in lenses up to 150 feet 
(46 m) thick and 4 mile (540 m) long.'?°® Often the strata containing the borate 
deposits have been tilted, folded, faulted, uplifted, and somewhat eroded.+}° 
Gypsum ®”! is associated with many of these deposits; inyoite and meyerhofferite 
are found in a few.1°8?- 1086, 1089,1104 These deposits are closely associated with 
volcanic rocks.°°? °54 From the time of their discovery in California in the 1880's 
until the dawn of the sodium—borate era in about 1926, the bulk of the world’s 
borate supply came from these deposits; some are still being worked. Deposits of 
this type have been found in California near Death Valley Junction, the Furnace- 
Creek borate district, and others in the Death Valley area??°?:11°°; in the Calico 
Mountains and near Dagget, both close to the present town of Barstow?°8’; at 
Tick Canyon near Lang*?°°; and in Ventura County in the Lockwood Valley.11°° 
In Nevada similar deposits have been described in the Muddy Mountains and 
Callville Wash, both in Clark County in the vicinity of Las Vegas.?1°? All of these have 
yielded commercial production at one time or another; only a few are active today. 

In South America similar borate deposits of the calcium type are known at Tin- 
calayu and north of Sijes, and also at the Monte Azul mine south of Sijes, all in 
Salta?°8°, and at the Salar de Cauchari in Jujuy.'12 There is no published record of 
any commercial production from these deposits. 

In north-western Turkey, in Anatolia south of the Sea of Marmara, borates have 
been produced for many years from bedded lacustrine deposits of the calcium 
type. At Sultanchayir, pandermite (priceite) was mined since the 1860’s until the 
deposit was exhausted.'°8° This deposit consisted of nodules up to a ton in size, 
found below a layer of gypsum °° 1°83 of Miocene age.®°? 

In recent years, several other bedded lacustrine borate deposits of the calcium 
type have been found in Turkey in a roughly kite-shaped area outlined approximately 
by lines drawn between Bursa, Balikesir, Isparta, and Eskishehir.®®® 111° The 
mineral paragenesis of these deposits parallels that of similar California deposits.5>* 
°°7 The deposit formerly mined at Sultanchayir is within these boundaries, along 
the Bursa-Balikesir boundary, south of Susurluk. 

In the vicinity of Bursa, near the village of Kestelek, there is a deposit consisting 
of a massive vuggy bed of colemanite 18 to 24 feet (6 to 8 m) thick, with propadie 
ore at 1 x 10° tons; production in 1955 was more than 18,000 tons.1°84 

North of Bigadich about 7 miles (11 km) is the town of Islelkoy, which is at the 
approximate centre of the borate concession (government lease) consisting of 
24 miles? (61 km?), and containing not less than eight colemanite deposits. In three 
of the mines, beds of ulexite up to 2m thick have been exposed, with overlying 
colemanite beds up to 1-5 m thick; the two ores are mined separately. Probable 
reserves are 3x 10° tons, with 50x 10° tons possible.1°%%: 198+ At Begendikler (in 
this concession) the colemanite is found as lenses in flat-lying clay strata!°®°, while 
at Iskelekoy, about 23 miles (4 km) S.W., and at Faras, about 2 miles (3-2 km) S.E., 
the strata are folded and faulted.°®: 1°84 

At Etibank, about 9-5 miles (15 km) south-west of Emet, about 60 miles (97 km) 
due east of Bigadich, a large, high-grade colemanite deposit, consisting of nodules 
and aggregates in beds up to 61 ft (20 m) thick, was recently found by the M.T.A. 
(Mineral Research and Exploration Institute of Turkey) while evaluating a lignite 
deposit; reserves are estimated at 5 to 7 x 10° tons. The ore was being mined in an 
Open-cut in 1969198, 1082, 1084" but no production figures are available. 

Near the city of Isparta a colemanite deposit has been found?°®* but records of 
reserves and production are lacking. 


(2) Sodium Type (Borax—Kernite) (Fig. 1, Section A1) 


Bedded lacustrine deposits of the sodium borate type have been found in Cali- 
fornia °° *7°7, Argentina °° and Turkey.1°8> Prior to the discovery of the California 
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deposit in 1925, this type of deposit was unknown. There are no surface indications 
of the buried deposit; limited mining of peripheral calcium borates (colemanite 
and ulexite) was carried out during the period 1924—-1927.'19® With the discovery 
of the extensive high-grade Kramer sodium borate deposit (near the present town 
of Boron) the production of borax from the calcium borate type of deposit essen- 
tially ended in the United States.°°® ®"* Substantial reserves remain in some of the 
calcium borate deposits, but they are lower grade and cannot compete price- 
wise.°&® 1103 

The Kramer sodium borate deposit is essentially a non-marine shallow water 
lakebed deposit, roughly oval in shape, about 2 miles (3:2 km) east-west by 1 
mile (1:6 km) north-south; it is surrounded by a thin envelope of ulexite and cole- 
manite of about double the above dimensions. The sodium borate ore body is 
roughly lenticular in form and consists of alternating layers of borax, clays and 
altered tuffs up to 220 feet (61 m) thick. It is completely buried under 120 to 1000 
feet (37 to 300 m) of arkosic sands and clay-shales.°®* °°® °71-1053 Basaltic lavas 
underlie at least a portion of the borax deposit.°°* °° 19°? Early investigators as- 
signed a probable Pliocene age to the deposit using areal correlation; the finding 
of Middle Miocene mammalian fossils overlying the uppermost borax horizon estab- 
lished the age as not younger than Middle Miocene.*??? 

It is presumed that the borax was deposited directly in a shallow lake from nearby 
borate springs °°° °°”: 199°; 4 fresh-water stream may have also been involved.®®° 199° 
A remarkable aspect of this deposit is the almost total absence of the assemblage 
of saline minerals such as halite, trona, gypsum, thenardite, etc., usually found in 
basins of internal drainage.°®7 1°%9: 1102-1108 While much of the borax is in flat- 
lying beds, there has been some faulting and folding. Locally, some of the borax 
has been altered to kernite by dehydration and recrystallization with resultant 
disruption of the original beds.°® °®® 1°53.11°7 T ocally kernite has rehydrated to 
form borax.°®? Individual kernite crystals measuring 8 feet x 3 feet (2:6 x 1 m) have 
been found. Numerous secondary borate minerals formed along some of these 
faults.7112-1113 Reserves in 1966 were given as 100 x 10® tons??°?, probably a con- 
servative figure. In 1960 this deposit alone supplied an estimated 60% of the world 
borate requirements outside the Soviet bloc.*1°° 

In north-western Argentina, borax is concordantly intercalated with members of 
the Sijes formation (of probable late Cenozoic age), composed of clastic continental 
sediments deposited in a closed basin. Lens-like bodies of borax are localized by 
structural control along the north-south axes of the anticlines, and probably repre- 
sent old marsh accumulations which were buried, metamorphosed, and deformed 
by folding and faulting. The principal known lens is at Tincalayu, on a peninsula 
extending south-westward into the Salar del Hombre Muerto (a large salt pan), 
at an elevation of some 12,000 feet (4000 m). This is essentially a monominerallic 
deposit of borax, partly transformed in the lower levels to kernite, with smaller 
amounts of rarer borates. The borate lens rests on a thick bed of halite, and is 
overlain by about 50m of brownish claystones, siltstones, tuffs, and sandstones. 
The Tincalayu deposit is being actively mined.°°® 141% 

Recently an immense buried sodium borate deposit of the borax—kernite type has 
been discovered in Turkey near Kirka. This deposit is very similar to the Kramer 
deposit in California in structure and suite of minerals, but is estimated to contain 
400 to 500 x 10° tons; it is therefore about three times the size of the Kramer deposit 
and is by far the largest borate deposit known.?°8° At the time of writing, develop- 
ment work was just beginning and information on the deposit is scanty. 


(3) Calcium—Magnesium Type (Hydroboracite) 


A large bedded deposit consisting almost entirely of hydroboracite, inyoite, and 
colemanite, has been found near Sijes in the province of Salta in Argentina.®2® 1°°° 
This deposit, while extensive, has not been developed commercially, and little 
information concerning it is available. Insofar as is known, this is the only example 
of this type of deposit. 
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PROSPECTING FOR BORON DEPOSITS 


Several facts make the scientific prospecting for boron deposits feasible. First, 
boron is a very mobile element, having what has been described as a ‘high migra- 
tion capacity’; consequently it enters into solution in groundwater and forms 
secondary dispersion haloes or aureoles around deposits of boron, sometimes 
extending as much as 3:5 km from a deposit.®27 86° 862,863 Secondly, boron is 
readily absorbed by growing plants. Third, a number of sensitive analytic methods 
and techniques have been developed for the determination of boron in small con- 
centration. 

The ‘coefficient of migration capacity’ of an element may be expressed as the 
ratio of the amount of that element to the amount of all other elements present in 
the same form in the same natural object. Boron in the soils of humid regions has 
a very high coefficient and permits the differentiation of borate and tourmaline 
dispersion haloes; in arid regions the interpretation is less clear.°**: ®®?: 8&3 The most 
distinct dispersion haloes are formed around datolite-danburite deposits.°?’ The 
boron: bromine ratio may be of some significance.®?° Several analytic procedures 
have been developed for the study of these dispersion haloes. 

Hydrogeochemical procedures are perhaps the most direct. Groundwater samples 
are obtained from various levels over an area, and the boron content and migration 
coefficient determined by any one of several sensitive analytical methods, usually 
colorimetric, sometimes spectrographic, atomic absorption, titrimetric, or other.” 
631 ,634, 639, 643, 645, 861, 961,975 

Another method recently much in favour is that of neutron activation; in this 
procedure and its several variations a probe can be lowered into a borehole, or the 
recovered cores or other samples may be processed in the apparatus to determine 
the boron content.?52: 624, 625, 632, 637, 638, 640, 642, 858, 865, 877, 915, 988, 1033, 1052, 1132 

In recent years it has been recognized that growing plants often take up trace 
elements found in the soil in which the plants are growing. Analysis of the plant 
foliage, particularly the leaves (where the boron concentrates) has made it possible 
to pinpoint likely areas to drill holes for further exploration.®*® 8°° 86; 1131, 1196 

All of the above may be considered supplementary to the traditional geological 
formation correlation techniques long in use. A review of the basic methods for 
prospecting for boron has appeared.*®*” 
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SECTION A3 


BORATE ORE DISCOVERY, MINING AND BENEFICIATION 
BY K. J. MATTERSON 


Introduction 


Borax has been known for thousands of years; it was probably used by the 
Babylonians as a flux for welding gold jewellery, and the Egyptians are believed to 
have employed it for preserving their dead. Specimens of Chinese pottery utilizing 
colourful borax glazes made in the third century exist today. The ancient Persians 
and Arabians knew of borax, and the Arab word ‘baurach’ appears in manuscripts 
written two thousand years ago. The Sanskrit word for borax was ‘tincana’ and in 
Europe it was called tincal, a name which is still used for the mineral decahydrate 
borax. 

Marco Polo brought borax crystals back from Mongolia in the thirteenth century, 
and thenceforth borax became a regular commodity in the overland caravan routes. 
Until the eighteenth century the ancient stagnant lake beds of Tibet supplied the 
borax demands of Europe and Asia, but in the middle of that century boric acid 
(sassolite) was found in hot springs or soffioni of Tuscany in Northern Italy. A 
century later borate deposits were found in South America (Chile) and later still in 
Turkey. It was not until the middle of the nineteenth century that borate ores were 
discovered in California, U.S.A., now the principal world source. 


MINING 


United States of America 


In the U:.S.A., the history of borate mining can be divided into four phases, starting 
with the finding of borax crystals in 1864 at the bottom of Borax Lake and Hachin- 
hama Lake, Lake County, California.’ (The first discovery in the U.S.A. had actually 
been by Dr John Veach in a mineral spring in Tehama County, California, in 1856.) 
Phase two began in 1872 with the recovery of ulexite and borax from playa surfaces 
in Eastern California and Nevada, resulting in the termination of the Lake County 
operations. The borate was mainly ‘cottonball’ ulexite (see Fig. 2(d), Section A1), 
found at Columbus Marsh and Teel’s Marsh, Nevada. The laborious process of 
scraping up the borate mineral and refining it has been reviewed by Hanks.* Phase 
three dated from the discovery in 1882 of colemanite (see Fig. 2(a) and (b), Section A1) 
by prospectors employed by W. T. Coleman near Furnace Creek in Death Valley, 
near Lang in Los Angeles County, at Daggett in the Calico Mountains, and in 
the north-eastern part of Ventura County. Each of these deposits was mined by 
underground methods? and by 1907 they had almost replaced playa crust material 
as a source of borax. The fourth and final phase began in 1927 when the mining 
of borax from the Kramer deposit in Kern County, California, rendered the cole- 
manite deposits uneconomic. In the same year, borax was first recovered from 
Owens Lake, California, and by 1931 was obtained in considerable quantities; pro- 
duction of borax at Searles Lake, California, had begun in 1919. The Kramer and 
Searles Lake deposits now constitute the major world source of borax. 
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Borates of the Kramer district were discovered accidentally in 1912 or 1913 by 
Dr J. K. Suckow when drilling a water hole, but it was not until 1925 that sodium 
borate was identified in a drill hole. The first shaft was sunk in 1926 and the ore 
mineral named rasorite after Clarence R. Rasor.? The mineral, sodium tetraborate 
tetrahydrate, was named kernite (after Kern County) (see Fig. 1(c), Section A1) inde- 
pendently by Dr Schaller, and the tetrahydrate bears this name today. (‘ Rasorite’ is 
now the registered trade mark of U.S. Borax & Chemical Corporation for sodium 
borate concentrates.) 

The United States is responsible for the bulk of the world’s production of borates, 
which now come from the Kramer deposits and the brine at Searles Lake, together 
with minor quantities of calcium borate ores and ulexite (a mixed sodium—calcium 
borate, see Fig. 2(c) and (d), Section Al). Between the years 1864 and 1882 the annual 
production of borate minerals was < 3000 short tons, rising in the period 1882-97 to 
8000 short tons. Production increased from 125,000 short tons in 1923 to 350,000 
short tons in 19374, then rose progressively (with the exception of a wartime low in 
1942) to a present annual level of over a million tons. (See Table I for production 
figures for boron minerals and compounds.) 


Table I—U.S. Boron Minerals and Compounds: Production Figures 


Year Sold or used by | B2O3 equivalent Value Reference 
Producers (short tons) 
(short tons) 


| | SS | | nese 


1937 358,898 = 7,232,897 12 
1938 215,662 — 4,739,291 13 
1939 245,284 81,800 3,689,797 13 
1940 243,355 80,900 5,643,390 13 
1941 301,282 95,200 6,785,662 13 
1942 226,723* 77,600 5,733,648 13 
1943 256,633 87,600 6,401,507 14 
1944 277,586 91,700 6,579,587 14 
1945 925,935) 104,600 7,635,365 14 
1946 430,689 129,800 9,575,866 15 
1947 501,935 145,700 11,844,108 16 
1948 450,930 134,700 11,147,735 17 
1949 467,592 139,200 11,511,893 18 
1950 647,735 191,000 15,890,000 19 
1951 862,797 | 241,000 20,030,000 20 
1952 583,828 169,100 14,105,000 20 
1953 715,228 213,300 17,668,000 20 
1954 790,4497 230,500 26,714,440 20 
1935 924,496 293,165 24,357,723 20 
1956 544,677T 267,864 32,812,000 21 
1957 541,124 269,251 38,041,000 21 
1958 528,209 265,613 38,310,000 21 
1959 619,946 314,286 46,150,000 21 
1960 640,591 0 fe) 47,550,000 21 
1961 603,000 313,000 46,936,000 22 
1962 647,000 339,000 49,336,000 22 
1963 700,000 369,000 54,981,000 22 
1964 776,000 405,000 60,871,000 and 
1965 807,000 425,000 64,180,000 Ze 
1966 866,100 462,000 68,209,000 23 
1967 892,000 473,000 69,819,000 23 
1968 963,000 519,000 — 76,535,000 26 
1969 1,020,000 551,000 81,261,000 26 
1970 1,041,000 562,000 86,827,000 26 
1971 1,047,000 568,000 89,856,000 26 
1972 1,121,000 607,000 95,882,000 26 


* Production reached a wartime low in 1942. 
t Includes a higher proportion of crude ore to finished product. 
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By 1957, three mining companies accounted for practically all of the borates pro- 
duced in California. The old Pacific Coast Borax Co., which merged with a potash 
company in 1956 to form the U.S. Borax & Chemical Corporation, operated mines 
in the Kramer District, Kern County, and extracted small quantities of colemanite 
near Shoshone and Ryan, Inyo County. American Potash & Chemical Corporation 
(now a division of the Kerr-McGee Corporation) and the West End Chemical 
Corporation (a division of Stauffer Chemical Company) produced borax as well as 
potash, sodium salts and other materials which are extracted from the complex 
brines of Searles Lake. At this time, the first-named company accounted for an esti- 
mated 78°%% of the U.S.A. borate production and the other two produced 25% and 
5%, respectively. All three major producers are located in California; U.S. Borax & 
Chemical Corporation (a subsidiary of RTZ Borax Ltd.) now operate an open pit (see 
frontispiece) at Boron in the Mojave Desert, and the American Potash & Chemical 
Corporation and Stauffer Chemical Company still treat the brines at Searles Lake. 
Annual production capacities have recently been estimated, respectively, as 500,000, 
100,000 and 25,000-30,000 short tons of B2O3.7° 

By far the most important borate source in the western world is the sodium tetra- 
borate deposit in the Kramer area of California. The rich beds of relatively pure borax 
and kernite consist of a nearly flat-lying tabular mass, estimated to be 14-2 miles 
(2:4-3-:2 km) long and 4 mile (0-84 km) wide, and to have a maximum thickness of 
more than 200 ft (60-9 m). The massive borate body consists largely of borax, al- 
though kernite occurs in significant quantities and is mined along with it. Much of 
the borax is in the form of a crystalline mass, either transparent or clouded by in- 
cluded sediments. Some shale is present as interbedded seams or lenticular bodies as 
much as 2 in thick.® For the first 30 years after its discovery the deposit was worked 
by three separate mines, the Baker, the West Baker and the Jennifer. The mining 
method involved a conventional underground system of shafts, stopes and tunnels. 
A comprehensive account of underground borate mining in Kern County, Cali- 
fornia, was given by Obert and Long in 1952.” At that time it was economic to mine 
selectively, recovering only high-grade borax. The later post-war years, however, 
brought a sharp increase in the demand for borates, and for technical and economic 
reasons the underground selective mining technique was replaced by open-pit 
methods. Excavation of the initial pit began in 1956. In April 1957, the ore was un- 
covered, 137 ft (41-7 m) below the surface, after the removal of some 10 million tons 
of overburden (mostly gravel and shale). The initial pit, 200 ft (60-9 m) deep, 1400 ft 
(432-7 m) long and 1200 ft (364-7 m) wide, has undergone considerable expansion 
since (see frontispiece). The ore is mined by drilling and blasting the soft, thick 
benches. Before 1960 the ore was loaded into 100-ton dump trucks and hauled 
to the processing plant. Truck haulage to the surface was replaced in 1960 by an 
automatic ore conveyor at the 225 ft (68-5 m) level. The mined borax is crushed in 
two stages, effecting size reductions to 4 in and 8 in (101 mm and 203 mm) respec- 
tively, and then stockpiled prior to feeding to the refinery. The primary crusher is 
situated in the mine and feeds the conveyor. 

The second major source of borates in the United States is in the brines of Searles 
and Owens Lakes. They are remnants of a drainage system which in Pleistocene times 
extended from the Sierra to Death Valley, California. Searles Lake is a vast flat, 
approximately 41 miles? (106-4 km?) in area, above a permeable crystal body 
averaging 71 ft (21:6 m) thick. The margins of the ‘lake’ are covered by as much as 
40 ft (12 m) of soft clay, but the centre 12-mile? (31 km?) area is exposed. A second 
crystal body, discovered about 1946 and approximately 35 ft (10-6 m) thick, lies 
beneath the upper body and is separated from it by 10-15 ft (3-4-5 m) of impervious 
mud. The principal salts present are halite (NaCl), hanksite (9 Na2zSO.,2Na2CO3,K Cl), 
trona (NazCO3,NaHCO3,2H2O), and borax. The interstices of the crystal mass, 
amounting to about 50% of its volume, are filled with saturated brines that consist 
mainly of sodium chloride, potassium chloride, borax, sodium sulphate and sodium 
carbonate. The brines from the upper and lower crystal bodies are similar, but the 
proportions of dissolved salts vary.° 
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The average composition of brine filling the interstices of the crystal body in 
Searles Lake is given by Teeple® (Table II). Brine from the upper deposit contains 


Table II.—Composition of Searles Lake Brine 


Salt Weight per cent 
NaCl 16°5 
Naz2SO.z 6°82 
KCl 4-82 
Naz2CO3 4-80 
Na2B.07 1-50 
Nas3PO, 0:155 
NaBr 0-109 
LiCl 0-021 
Na2S 0-020 
AseQOzs 0-019 
CaO 0-0022 
Fe,03 and Al.O3 0:0020 
Nal 0-0014 
Sb203 0-0006 
Total solids 34-782 


1:5—1-6°% of borax and that of the lower deposit 1-:9-2:0°%. Borax is extracted from 
the upper brine® by concentration in triple-effect evaporators; the sodium salts 
crystallize and are removed and processed further. The remaining hot liquors, rich 
in borax and potash, are chilled, and the crystallized potassium chloride recovered. 
Agitation and seeding cause the borax to crystallize.? The lower brine is treated by a 
carbonation process in which carbon dioxide is bubbled through towers containing 
both upper and lower brines. Sodium bicarbonate crystallizes and is further processed 
to form soda ash. Borax is then obtained by chilling the carbonate-free brine. The 
American Potash and Chemical Corporation now operate a solvent extraction pro- 
cess at Trona, California, for the production of boric acid from low-grade, previously 
non-commercial, brines.’° Brine feed containing about 1% of borate and about 35% 
of other dissolved salts is contacted by an organic polyol extractant. The extractant 
is selective to alkali borates, which are stripped from the extractant by treatment with 
dilute sulphuric acid to form boric acid and a mixture of sodium and potassium 
sulphates. The boric acid solution is then evaporated and crystallized, to form a high- 
purity product (see Section A7, ‘Production of Boric Acids’). 

Owens Lake® before its desiccation contained carbonates, sulphates and chlorides; 
it now contains a crystal body similar to Searles Lake but having a maximum thick- 
ness of 9 ft (2:7 m). Both the crystal body and the brine are higher in soda content 
and lower in potash content than Searles Lake. 

In 1957, H. S. Gale® estimated the Kramer deposit area to contain 92,250,000 tons 
of sodium borates, assuming the deposit is on average 75 ft (22-8 m) thick over an 
area of 500 (202 ha) acres. This estimate may be conservative. Turentine® estimated 
25,000,000 short tons of borax to be present in the brines and salts of Searles Lake. 
This did not take into account the lower crystal body, and the upper body is now 
known to be larger than it was thought to be in 1926. Owens Lake contains an esti- 
mated 3,070,000 short tons of boron trioxide.® In 1952 S. H. Dolbear estimated that 
the ores of the Kramer deposit and the brines of Searles Lake and Owens Lake con- 
tained the equivalent of 15,000,000 short tons of boron trioxide. This is more than 
twice the total Californian production since 1864, when borate recovery began, and 
sufficient for approximately 50 years at the present rate of production. In 1958, a 
deposit estimated to contain 40 million short tons of colemanite was reported in 
Southern California.1+ The recently increased demand for colemanite for the manu- 
facture of soda-free glass fibre has led other companies, especially oil companies, to 
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seek the mineral and establish mines and associated upgrading facilities. Tenneco Oil 
Company has a deposit in the Furnace Creek district of Inyo County, California, but 
production has so far fallen short of the design capacity of 150,000 short tons of raw 
colemanite annually because of difficulties in calcining.?°-° 


Turkey 


The earliest mention of Turkish borate deposits appeared in the literature in 
1877?" and referred to pandermite, although in 1865 a French company, Industrielle 
des Mazures, was operating the Aziziye mine near Susurluk.?® These operations were 
later combined with those at the nearby Sultancayir mine, which had been operated 
since 1887 by the Pacific Borax and Redwood’s Chemical Works Ltd., after 1896; in 
1899 this company became Borax Consolidated Limited (now a subsidiary of RTZ 
Borax Ltd.). 

All borate production prior to 1950 was of pandermite and by 1954 the reserves of 
the Sultancayir mine were almost exhausted and underground mining ceased. The 
Aziziye and Sultancayir mines were less than a mile apart and in the latter mine the 
conventional pillar-and-stall method of mining was used. Output between 1867 and 
1914 was 233,000 short tons; between 1918 and 1937 it was 200,000 short tons and 
between 1938 and 1953 it was about 94,480 short tons. Output since 1953 has been as 
follows: 1954, 6989 short tons; 1955, 6633 short tons; 1956, an estimated 6800 short 
tons; and 1957, an estimated 9600 short tons. Since 1954, reported and estimated out- 
puts related entirely to reworking of dumps. 

In 1950 colemanite was identified by Husamettin Yakal?® and this discovery re- 
sulted in a four-fold increase in total borate production from four mining companies: 
Mortas, Rasih ve Ihsan, Yakal and Sayakci Sirketleri, which altogether operated 
approximately twelve mines in the Bigadic area of north-western Turkey. 

Marketing difficulties in Europe limited production at this time to about 30,000— 
32,000 short tons per annum.?® The main minerals encountered in 1950 and later in 
this new development area were colemanite (2CaO,3B203,5H2O) and ulexite (Na2O,- 
2CaO,5B.03,16H2O). Other hydrated borates containing calcium, or calcium with 
magnesium or silicon, which were also discovered included meyerhofferite, inyoite, 
priceite, terschite, hydroboracite and howlite. 

The Yakal group of mines produced 2000 short tons in 1951 and 1952. This output 
increased to 2500 short tons in 1953, 6000 short tons in 1954 and 11,000 in 1955. In 
1956 the output was reduced to 8000 short tons owing to marketing problems. The 
main mine of the Yakal group was the Gunevi mine, where both colemanite and 
ulexite were mined by drilling and blasting. Only 20% of the production required 
hand trimming to remove the clay, and it was readily possible to separate the cole- 
manite from the ulexite by selective mining and hand picking. This was the only 
mine in the Bigadic area where explosives were used. Other mines in the Yakal group 
were at Kurt Pinari, Kireclick, Acep, Tuglu Degirman, Borekci and Domuz. The 
most difficult mining problem encountered in the Bigadic district was the support of 
the workings. In 1955, the Yakal group used 0-404 m® of timber per ton of ore 
mined. 

Bortas and its parent Mortas entered the borate mining business shortly after the 
discovery of colemanite in the Bigadic district in 1950 and operated mines at Begen- 
dikler, Yenikoy, Utzitler, Killik, Gocenoluk, Kirka, Sindirgi, Kestelek, Kucukler 
and Espey, which aggregated an average of 15,000 short tons output per year be- 
tween 1955 and 1958. 

The Espey mine, which started production in September 1957, by 1958 was 
producing 35 short tons of ore per day. Other borate mines in the Bigadic area were 
Ankara 2 and 3 (operated by Rasih ve Ihsan Maden); the total output in 1957 was 
4000 short tons and ore reserves were estimated at 80,000 short tons. The Ali 
Sayakci mine, north-west of Bigadic, had an output of 10 tons per day in 1956 with 
reserves estimated at 60,000 short tons proven and 250,000 probable. 
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By the early 1960s** approximately 25 mines had been opened in eight locations 
in Western Turkey. As there were no treatment plants in Turkey at that time the 
crude ore was exported as a raw material. The mines were operated by four private 
mining companies and one State-owned company with daily production varying 
from 10 to 200 short tons. Beneficiation of the colemanite ore was effected by hand 
picking following selective mining to produce a shipping grade ore containing about 
43°% B.O3. The exported mineral was shipped from Bandirma and Derince on the 
Sea of Marmara at the rate of 70,000 short tons per year. 

In 1963 a new company, formed by American Potash and Chemical Corporation 
and Fethiye Mining Company, bought the Tuglu mine near Bigadic®” to supply 
colemanite ore for a new boric acid plant owned jointly by the American Potash and 
Chemical Corporation and Ugine-Kuhlmann. In 1964%® the State-owned mining 
company Etibank announced that the expected completion date of their boric acid 
and borax plant would be two years later. Etibank’s Hisarcik mine was to supply 
the plant with colemanite by rail. 

During 1964, Turk Boraks Medeneilik, originally formed in 1955 as a subsidiary 
of Borax (Holdings) Limited, now RTZ Borax Limited, and who had been actively 
exploring for several years*°, developed a sizeable colemanite deposit near Kirka; 
the company was reported to have discovered a sodium borate deposit *> +1 about 
164 ft (SO m) thick and of great lateral extent, and proved the existence of 40 million 
tonnes of borate mineral. The sequence of borate formation in this deposit was later 
investigated by Inan et al.%9-*° 

The annual production of borate minerals in Turkey from 1924 to 1971 is shown 
in Table III. Etibank’s Hisarcik mine was the major producer in 1964°5 with 51,000 


Table I1I.—Annual Production of Borate Minerals in Turkey 


Year Tonnes Reference Year Tonnes Reference 
1924 11,000 25 1949 7,082 28 
1925 16,051 25 1950 9,764 28 
1926 15,574 25 1951 12,051 28 
1927 17,881 25 1952 13,730 28 
1928 14,943 20 1953 6,436 28 
1929 13,528 25 1954 14,331 28 
1930 5,456 25 1955 42,186 28 
1931 6,501 aS 1956 29,300 28 
1932 4,994 25 1957 27,378 29 
1933 7,553 Zo 1958 69,402 29 
1934 7,517 23 1959 43,336 29 
1935 5,082 25 1960 71,027 29 
1936 6,484 25 1961 88,615 29 
1937 4,664 os 1962 113,941 30 
1938 4,064 25 1963 88,088 30 
1939 15,170 25 1964 128,254 30 
1940 5,018 25 1965 170,977 31 
1941 5,038 25 1966 225,286 31 
1945 5,034 28 1967 228,500 32 
1946 2,210 28 1968 265,883 45 
1947 3,608 28 1969 323,470 45 
1948 5,314 28 1971 570,503 26 


tonnes. The Bortas—Mortas group produced 40,000 tonnes from their Espey and 
Killik Mines near Emet. Production of minerals reached a record 225,266 tonnes in 
1966%°, an increase of 31°%% in comparison with 170,977 tonnes in 1965. The then 
rapidly increasing demand for colemanite was partly due to its use in glass fibre manu- 
facture. The largest producer in 1966 was Etibank’s Hisarcik mine with 92,000 
tonnes, some of which was stockpiled since it contained iron and arsenic impurities. 
Other principal operators including Turk Boraks (who were then operating the 
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Espey and Killik mines) and Rasih ve Ihsan produced 126,282 tonnes and sold 
115,456 tonnes. 

The production of boron minerals in 1967+** reached 228,500 tonnes; exports also 
increased and represented Turkey’s third most important foreign exchange earner. 
Production at Etibank’s Hisarcik mine fell from 99,180 tonnes in 1966 to 76,000 
tonnes in 1967. Etibank’s boric acid plant was reported to be on stream in November 
1967, using domestic colemanite and imported sulphuric acid.** In 1968, the produc- 
tion of boron minerals *° rose to 265,883 tonnes, and in 1969 to 323,470*°, an increase 
of 22°% over the 1968 figure. 

In 1969 a Government committee estimated the Turkish sodium borate reserves 
to be 400 million tonnes and recommended nationalization, not only of these de- 
posits, but of the whole boron industry.*®® 570,503 tonnes of crude product, 
virtually all of which was colemanite, was produced in 1971.2 The exports of boron 
minerals from Turkey for 1957—68 are given in Table IV and show a large and increas- 
ing amount of minerals exported to France and Italy. 

Proven and probable reserves of boron minerals?° in western Turkey are of the 
order of tens of millions of tonnes, but the potential could be higher on the basis of 
the indicated geology and the extent of the deposits. In 1968 Etibank and the Mining 
Prospecting Institute planned to make a prospecting survey in the area of Kirka and 
Seyitgazi (Eskisehir Province) to determine the resources of borax in the area.*? 


Argentina and Chile 


In 1968 Argentina was reported to occupy the third place among the free-world 
producers of borates.*® The largest producer, Boroquimica SAMICAF (a subsidiary 
of RTZ Borax Ltd., London) operate an open-pit borax mine for the production of 
refined and anhydrous borax at Salta. The refining plant is 248 miles (400 km) from 
the deposit, which is located approximately 13,451 ft (4100 m) above sea level at 
Tincalayu in the Andes. The absence of a readily available water supply, the altitude 
and the temperature variation make the establishment of a plant near the deposit 
economically difficult. Other borate minerals occur in Argentina, notably ulexite 
(which is mined), hydroboracite, colemanite and inyoite (which are not mined at 
present). Other minor deposits of borax also occur in the Salta/Catamarca pro- 
vinces of northern Argentina and have been worked from time to time. 

The production of borate minerals in Argentina from 1955 to 1969 is given in 
Table V. In the years 1968-69 approximately 7000-8000 tonnes were exported to 
Brazil and a smaller quantity (300-400 tonnes) to Uruguay.®? 


Table V.—Production of Borate Minerals in Argentina 


Total borate | Reference 


(tonnes) 


Borax 
(tonnes) 


Ulexite 
(tonnes) 


1955 13,000 


20,000 


In 1962, Borax (Holdings) Ltd. (London) were reported as being the only borate 
producer in Chile, operating a ulexite mine at Ascotan in western Antofagasta 
Province, near the Bolivian border. Chile had been a producer and exporter of ulexite 
since the last century but production dropped from 5756 tonnes of sun-dried ulexite 
in 1959 to 2919 tonnes in 1960. The mine closed down in 1961 owing to high stocks 
and was expected to reopen in 1962 after the recession in the glass and ceramic in- 
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dustries in Chile.°? The mine did reopen in 19625*, but production began to decline 
again from 1966, the mine closing finally in 1967 after achieving an annual production 
of approximately 4000 tonnes, and sufficient stocks for several years.*® 

Production figures for the years 1959-66 are given in Table VI. In 1957 borate 
reserves in Chile were estimated at 20 million tonnes.® 


Table VI.—Production of Borate Minerals in Chile (tonnes) 


Year Ulexite (339% B.O3) 
STEUER EERE 


Reference 


1959 5756 54 
1960 2919 54 
1961 160 54 
1962 3814 55 
1963 2981 55 
1964 3300 56 
1965 4600 SY 


1966 400 


U.S.S.R., Eastern Europe and China 


Hydroboracite was discovered, and so named, in the Caucasus area in 1933. The 
joint discovery of potash and boron mineralization in the salt dome at Lake Inder *? 
led in the following year to widespread prospecting in the Caspian Sea area.°® Borate 
deposits were discovered in Kazakhstan (Soviet Far East), and contact-metosomatic 
(skarn) deposits containing boron silicates (datolites, danburites) and borates 
(kotoite, suanite, ascharite) were found at a number of locations in the Far East, 
Siberia, Central Asia and Caucasus.*% °°-®° Deposits of ludwigite in association with 
magnetite were reported in the Lake Baykal area®°, and the Soviet minerals industry 
was stated to have vast reserves of boron minerals.°° 

Boron-bearing saline lakes and small playas (with ulexite) are located in a number 
of areas, and several groups of mud volcanoes producing boric acid are also known, 
particularly at Kerch-Taman in the Crimea and near Baku.°® Other boron-containing 
brines and sediments have been discovered in other parts of the U.S.S.R., but none 
appears to show an exploitable potential. 

The most abundant ore types are hydroboracite—ascharite minerals occurring in 
the Caspian Sea area. Grades vary from 1-5 to 25°%% B.O3 and they usually occur with 
other borates (colemanite, inyoite, ulexite, boracite) and gangue minerals (halite, 
gypsum/anhydrite). Concentrates containing 44°% B2O3 are obtained by crushing 
and then removing the halite gangue by washing or leaching. The mineral associated 
with clay and gypsum/anhydrite is upgraded to 18-20°%% B2O3 (and occasionally to 
34% B2O3) by physical beneficiation.®® Datolite ores containing 3-15°% B.2Og3 are 
upgraded to 16°% B2O3 by physical methods and flotation; low-grade ores are acid- 
leached to extract the boric oxide values.°® Ludwigite-type ores contain approxi- 
mately 49% B.Og and can be upgraded to as high as 10% B.O3 as a by-product from 
the separation of magnetite. The boron values are then extracted by sintering with 
limestone, followed by acid leaching. 

Early efforts to recover borax from mud volcanoes of Kerch, Taman and Baku 
were abandoned in 1942. Continued expansion of both open-pit and underground 
mining is referred to in the literature of the 1960s and it seems probable that the 
Chalker deposits (north of Inder) have also been exploited.*® 

The U.S.S.R. estimated production of boron minerals and compounds, according 
to V. V. Strishkov*? was as follows (tonnes B.O3): 1964, 64,000; 1965, 65,000; 
1966, 67,000; 1967, 68,000. 

It was reported *® in 1970 that exports of chemicals (including borax and boric 
acid) from Kazakhstan rose by 25% over 1969 exports. The All-Union Export-Im- 
port Agency, Dalintorg, sells boric acid and calcium borate to Japan, and hopes to 
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increase this trade by selling datolite and danburite concentrates mined in the Soviet 
Far East and Eastern Siberia. In 1972, Dalintorg®? advertised datolite concentrate 
(16% B2Oz3 min., 2% Fe2O3 max.), available packaged or in bulk for export to Japan, 
other S.E. Asian countries and Australia. 

A molten anhydrous borax plant, operating in the mining and chemical complex in 
the maritime territory of the Soviet Far East, was reported in late 1972.°* The ore for 
this plant is mined in the Sikhote-Alin mountains. It was also reported that a plant 
producing enamel frits would soon be operating in this complex. 

China has developed its own primary boron products industry since 1956. The 
only sources revealed are a number of semi-dry playa lakes in south central China *® 
and northern Tiber.°® In only one of these, the Iksaydam dried lake area in the 
Tsaidam Basin in Chinghai (Tsinghai) Province, reportedly quite large in area, have 
borates become a significant product.?© The borax is believed to be derived from 
brine in the lake as a by-product in potash extraction.®® 


BENEFICIATION 


The western world is considerably more fortunate than the eastern world in that 
large deposits of high-grade sodium and calcium borates are known there and are 
exploited. Consequently, upgrading processes (in the West) tend to be less sophisti- 
cated than methods which must be used by the eastern bloc countries, or methods 
used to upgrade minerals of other elements which occur in a less pure form. In the 
eastern world, high-grade borate mineral deposits are rare, the boron value usually 
occurring as a complex borate (e.g., borosilicate) and being therefore more difficult 
to win. Since elemental boron does not occur free in nature, the boric oxide content 
of the ore or mineral is used to describe its value; borax contains approximately 
36% B2O;3 and colemanite approximately 50°% B.O3. Many of the conventional 
methods of mineral processing or upgrading have been applied to boron minerals in 
order to secure the highest possible boric oxide value for the concentrate, which may 
then be sold directly or fed into a plant for borax, anhydrous borax, sodium per- 
borate, boric acid or boric oxide production. These methods are discussed in the fol- 
lowing sections. 


Calcination 


Interest in the beneficiation of borate minerals by calcining has been shown since 
1920. Most borate minerals contain some molecules of water of crystallization (borax 
contains 10, colemanite 5, inyoite 13 and ulexite 16, for example) and it is possible 
to increase the boric oxide value of the ore simply by the removal of all or part 
of the water of crystallization present in the mineral. There are however, further 
advantages of the mineral colemanite in that calcination is accompanied by decrepi- 
tation and, depending on the conditions of calcining, the massive colemanite can be 
reduced to a powder without prior crushing (often leaving gangue as coarser material 
which can be removed by screening). Other borates do not decrepitate on calcining 
(despite the claims of at least one patent ®*), but since water is lost, the bulk density 
of the mineral is reduced. In some cases, particularly that of borax, a ‘puffed’ 
material of varying specific gravity can be produced according to the conditions of 
drying or calcining. The specific gravity differential induced by calcination can then 
be used as a basis for further upgrading techniques. In 1924, Rasor®®> separated 
colemanite from its associated gangue by calcining the ore to produce a difference 
in specific gravity between the borate and the gangue, and separated the latter from 
the decrepitated colemanite by screening and discarding the oversize. The fine 
colemanite was then separated from the fine gangue by pneumatic classification. In 
1937, Corkhill®® recommended an inclined calciner approximately 80 ft (24-3 m) 
long and 6 ft (1:8 m) in diameter rotating at a speed of 41r.p.m., with a 30-min 
residence time, for removing five of the ten molecules of water of crystallization in 
borax. The drier was heated by hot air or gas from a fuel-oil burner. The drying of 
borax under these conditions was achieved without ‘puffing’, reduced the specific 
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gravity of the feed material from 0-730 to 0-666 and increased the boric oxide content 
from 36 to 48%%. The process was also claimed to be applicable to colemanite, ulexite 
and rasorite, but no examples were given. In 1946, Handel®’ described improvements 
for the production of calcined or anhydrous borax. The powdered borax fell from a 
sieve down an 85-ft (30 m) vertical kiln, of 3 ft 6 in (1 m) diameter, heated to 600— 
700°C by hot gases introduced tangentially into the base of the vertical furnace. A 
scraper removed the molten glass or dehydrated powder, whilst an efficient dust 
collector was used to remove anhydrous borax powder from the spent gas stream. 
Harman ®® in 1957 described a process of extracting boron values from colemanite 
which involved moistening the ore with approximately 25°% of water, followed by 
calcination at temperatures between 300 and 2000°F. The decomposition is claimed 
to be improved by the addition of an acidic oxide (silica, for example). Boric acid or 
boric anhydride was produced directly as white fumes, which were condensed and 
collected. In 1966, Plystevskii et al.”° described the calcination of datolite at 950- 
980°C yielding CaO,B203, B-CaO,SiOz, a-quartz and cristobalite. The product, 
calcined datolite, can be used as a boron fertilizer, as it contains boron soluble in 
carbonate-containing media. Shishko and Shabalin™ described the kiln used for the 
process, which proceeds according to the equation: 


2CaO,B203,2SiO2 ste CaO,SiOz - CaO,B203 ae SiO. 


The parameters of the calcination are given. 

In 1963, Griswold®* described a method of calcining and classifying minerals, 
particularly those which decrepitate at a temperature below their melting point. He 
claimed that borax decrepitated at 200°C, tincalconite at 130°C and colemanite at 
350°C and stated his process to be suitable for all three minerals. In fact, borax and 
tincalconite do not decrepitate but lose water of crystallization and reduce their 
specific gravities significantly, according to the conditions of the drying or calcination. 
Griswold claimed a process of simultaneous decrepitation and classification accom- 
plished by roasting in a fluid-bed apparatus such that the decrepitated borate is re- 
moved from the fluid-bed roaster. In commercial application this process was 
described as an 8 ft (2:4 m) diameter fluidized-bed reactor operating at a temperature 
of about 550°C. Colemanite (—4 in) feed was fed into the furnace at the rate of 
20 t h~*. Boric oxide recoveries in the exhaust gases were claimed to be 75-80%. 
Colemanite calcination in a rotary kiln was described in a recent patent.®° 

In 1970, Solvay et Cie’? took advantage of the inaccuracy of description and claims 
in the Griswold patent °* and described a similar process for the enrichment of ‘non- 
decrepitable’ borate minerals such as borax. Again a simultaneous decrease in 
specific gravity and classification was claimed for a fluidized-bed system operating at 
temperatures between 110 and 700°C. After expansion of the borax, the bulk density 
was reduced to 0-025 from 0-785. (See also under ‘Preparation and Production of 
Alkali—Metal Borates’, Section A10.) 


Flotation 


Flotation of boric acid and borax was first described by Andreeva and Kuzin”? in 
1937 when mixtures of boric acid and Epsom salt (MgSO.,7H2O) were separated by 
flotation after treatment of the Inder boracite. Sodium chloride was used in the above 
separation with approximately 1-5°% boric acid in the tailings. The purity of the boric 
acid concentrate was found to depend on the crystalline condition of the boric acid 
and amount of magnesium sulphate mineral inclusions in it. Boric acid was also 
separated from a mixture of boric acid, magnesium sulphate and magnesium sulphite 
without the use of a flotation reagent, in good yield, after treatment of the boracite 
with sulphur dioxide. Borax and sodium sulphate decahydrate (Glauber’s salt) were 
also separated by flotation using ‘acid oil’ and lead nitrate but considerable quantities 
of reagents were used. The addition of sulphuric acid simplifies the problem con- 
siderably. Knickerbocker and Shelton’* examined the feasibility of the treatment of 
boron minerals with sulphur dioxide in solution or with sulphuric acid and floating 
the boric acid formed from the gangue. Boric acid is a natural ‘floater’ from solution, 
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but it was found that gangue depressants gave a cleaner concentrate. A colemanite 
ore assaying 20°% B.O3 gave a greater than 90°%% recovery with a product better than 
90°%% pure. Wiseman”® described a similar method (but without flotation) for pro- 
cessing a colemanite slurry containing a controlled concentration of a water-soluble 
salt of an alkaline-earth metal (calcium chloride). Practically complete recovery of 
boric oxide was obtained when a colemanite slurry with added calcium chloride was 
treated with sulphur dioxide at 70°C until a pH of 4:5 was reached. The boric acid 
solution containing calcium chloride was separated from the calcium sulphite 
(CaSO3,2H2O) sludge, the boric acid crystallized out, and the calcium chloride 
mother-liquor returned to the reaction step. Knickerbocker, Fox and Yerkes ’° calcined 
a 17% B2O3 colemanite ore which, after screening, gave a concentrate containing 
> 40°% B.O3 and when leached with carbonic acid gave a 99°%% boric oxide recovery. 
The calcium borate was recovered by precipitating with lime. No troublesome im- 
purities were found to accumulate in the leach circuit, and the product assayed 
B203 53:31, SiOz 0°32, Al,O3 0°15, FezO3. 0°15, CaO 41:23, MgO 0:80, COz2 0:29, 
and SO3 1:5%. In 1954, Klassen and Ratobyl’skya”’ improved the flotation charac- 
teristics of hydroboracite by the addition of turpentine or emulsified non-polar re- 
agents (kerosine). A higher extraction rate was obtained and a higher boric oxide 
value in the concentrate was achieved owing to the increase in hydrophobic proper- 
ties of the hydroboracite surfaces. The influence of alkali (sodium hydroxide) and 
sodium carbonate addition on the flotation of hydroboracite was later investigated 
by Borisov.’® The ‘electrokinetic index’ was observed for many minerals, and it was 
observed that the addition of sodium carbonate solutions had a greater effect on the 
electrical double-layer structure on the surface of minerals than sodium hydroxide 
solutions. In 196379 Giatsintova et al. investigated the effect of bubble age on the 
time of its adhesion to surfaces of minerals (including datolite and danburite). The 
effect was related to surface tension measurements in the presence of various sur- 
factants. Similar studies by Solozhenkin and Urman®°® used N.M.R. methods to 
investigate the interaction of flotation reagents with minerals. N.M.R. measurements 
showed danburite surfaces to form a strong bond with water, indicating reduced 
mobility, and this explains why large amounts of oleic acid are required for its 
flotation. The use of wetting agents in flotation was also reviewed by Dean, Clemmer 
and Cooke®! with reference to borates and other minerals. Kuzin®* investigated the 
separation of alkali sulphates and their double salts with nitrates and borates from 
other alkali and alkaline-earth salts by flotation. The reagents used were sulphuric 
acid esters and sulphonic acids of aliphatic and naphthenic hydrocarbons containing 
four or more carbon atoms. More recently, Russian workers have studied the pre- 
paration of boric acid from magnesium ores and datolite, and certain economic 
advantages over established techniques were claimed.®? 


Boron Values from Brines 


Solution mining of soluble salts serves the dual purpose of mining and upgrading 
processes in one step, but technical and economic problems also limit the usefulness 
of such an operation. During the development of the Kramer deposit in the Mojave 
desert, California, U.S.A., consideration was given to solution mining, and it was 
actually tried on a small scale in order to improve the recoveries of conventional 
underground mining methods.®* Ultimately the idea was rejected and open-pit 
mining methods were adopted. Edmonds et al.®° described a method of in situ mining 
for several soluble salts, including borax, in which a non-solvent liquid having a 
specific gravity of less than 1-0 (e.g. mineral oil) was introduced into the cavity, 
forming a protective layer on the floor of the cavity. Blumenberg®® described a 
method for recovering insoluble calcium borates by introducing a hot calcium 
chloride solution into the deposit, removing the resulting magma, and cooling 
to cause precipitation of a proportion of the dissolved calcium borate minerals. 
Another patent®’ specifies the use of hot ammonium chloride solution in place of 
the calcium chloride solution. 
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The sea undoubtedly represents the largest virtually untapped source of minerals 
available to man. Boron is present in sea water to an average value of 4°6 p.p.m.8® 89 
On the other hand, Hess®° claims an average value of 0-029 weight per cent of boron 
in the Pacific Ocean based on 54 samples), and 0-03 weight per cent, present in the 
Atlantic Ocean (based on four samples). Hanson and Murthy ®® calculated that the 
probable effluent from a 50-million-gallon-per-day large-scale desalination plant 
using sea water would contain 13-8 p.p.m. of boron, representing an annual through- 
put of 4840 tons of borax. They also showed that the probable economic breakeven 
concentrations for treating the effluent from such a plant would be 22 p.p.m. boron 
in U.K., 64 p.p.m. boron in U.S. and 15 p.p.m. boron in India. 

Boron exists in the sea as boric acid, the borate ion and the B(OH); ion®!, and 
during the process of evaporation of sea water the major part of the boron remains 
in solution. Boron is reported to be co-precipitated with magnesium from sea 
water °2-°, the proportion of the contained borate precipitated reaching a maximum 
of 90% at a pH of 10-10-8. A Japanese patent °* recommends treatment of sea water 
with 20% sodium hydroxide solution to precipitate magnesium and boron at a pH 
of 10-0. Sulphur dioxide is bubbled through the resulting magnesium hydroxide 
slurry to a pH of 8:5 to isolate the boron. Boron recoveries of up to 85°% have been 
attained by this means. Shoikhet et al. used calcined brucite marble as a sorbent 
containing active magnesium oxide®° suitable for the recovery of boron values from 
natural waters. 

Many processes have been suggested and used for the recovery of boron values 
from natural brines. The patented American Potash and Chemical Corporation’s 
solvent extraction process has already been mentioned.°* Data on solvents, distribu- 
tion coefficients and solvent losses are given in the patents®’~®, and Klopfenstein and 
Arnold?°° have described the commercial process. Other water-immiscible organic 
liquids containing one or more aliphatic vicinal diols and alkyl-, alkoxy- or halogen- 
substituted catechols have also been proposed as solvents.+°! Other solvents such as 
isobutyl alcohol, isoamyl alcohol or benzyl alcohol and a frothing agent are reported 
to give a 41% boron recovery in a single contacting stage.1°? Similarly, isoamyl 
alcohol ?°? was reported to be the best solvent for extracting boric acid from solutions 
containing magnesium chloride and boric acid. The use of ion-exchange techniques 
for the removal of boric acid from brines has also received a great deal of attention. 
A boron-specific ion-exchange resin based on n-methyl glucamine has been re- 
ported.*°* The recovery of boric acid from brines available in Italy was investigated 
by Nencetti and Tartanelli+°> using anion-exchange resins and the development of a 
boron-specific ion-exchange resin, ‘Amberlite IRA-140’, was also reported.1°° 
Nikol’skii et al.1°” investigated the adsorption of boron on a number of anion- 
exchange resins and selective absorbents under static and dynamic conditions. 
Extraction yields of 90-100°% for boron were obtained with certain resins from 
natural waters under favourable conditions. Almassy ef al.1°® demonstrated the 
possibility of processing hard ores with acidic resins and a small amount of inorganic 
salt as catalyst. Optimum 94°% boric acid yields were obtained by using ascharite ore 
and resin (‘Dowex 50’ or SD-8-SO3H) at 70-80°C after 1-5 hours of stirring. 


Magnetic and Electrostatic Separation 


Magnetic separation has been used to some extent for the beneficiation of boron- 
containing minerals. F. W. Corkhill'°9-1! described the treatment of borax-type 
minerals, which are subjected to progressive magnetic separation and afterwards 
calcined at 100-125°C to give a product which is stable in air. Ramsey and Brier+?? 
discussed the fundamental principles and commercial applications of high-intensity 
magnetic separation with reference to several minerals, including borax. Also, 
Johnson '+? described the operative details of equipment for the magnetic separation 
of borax. This process was used at Boron in California, U.S.A., by the U.S. Borax 
Corporation prior to the changeover from conventional underground mining to 
open-pit methods. Two coarse ore products (one of 4 in largest size and one of 3’¢ in 
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largest size) from the fine crushing plant were fed at constant rates to the magnetic 
separators. The high-intensity machines exploited a small magnetic property in the 
clay. A portion of the concentrate was sold directly; the greater part was calcined to 
remove five of the ten molecules of water of crystallization, and a small proportion 
was calcined to remove substantially all the water of crystallization from the borax. 
The magnetic separation process was discontinued after the change to open-pit 
mining and the building of the new plant. 

Fraas and Ralston*?!* described an apparatus used for separating ulexite (pre- 
treated with benzoic acid) and bentonite. The apparatus separated electrostatically 
charged particles after charging by intimate contact on horizontal vibrating plates. 
Plates of copper sulphide and celluloid were used for the separation, and the accumu- 
lated charges on the non-conductive plates were dissipated by heated alkali-oxide- 
coated platinum wires suspended above the plates. 


Miscellaneous Methods 


Other methods for the beneficiation of borate minerals can be classified in three 
groups: (i) leaching, (ii) scrubbing, and (iii) methods involving dissolution in acid, or 
reaction with sodium carbonate and bicarbonate. 

In the first. group, boron values were recovered from calcium borate ores by May 
and Levashaff*?* by leaching with a hot aqueous solution of ammonia and a hot 
aqueous solution of carbon dioxide at temperatures greater than 83°C. Soluble am- 
monium borate, (NH.)4B,0;,, and solid calcium carbonate were formed. After filtra- 
tion the ammonium borate was crystallized and calcined, allowing the ammonia to 
be recycled. The carbon dioxide was also regenerated by calcination of the ore and 
the calcium carbonate. In 1943 Nagai??® produced boric acid by leaching kotoite 
with hydrochloric acid to remove calcium and magnesium carbonates. The same 
mineral after calcination was also heated with sodium carbonate solution in an auto- 
clave at 153-180°C when 80-85% of the total boric oxide was converted into the 
sodium salt.**® A novel method for the treatment of a borate ore containing the 
difficultly soluble mineral kernite was patented in 1928 by Blumenberg.!1” The patent 
proposed treating the ore with sodium carbonate solution in situ to convert the 
kernite into. the easily soluble sodium metaborate, which could be dissolved and re- 
moved from the deposit. A practical difficulty with this process for borax production 
would be to readjust the NazO:B2O3 molecular ratio of the metaborate (1:1) back 
to that of borax (1:2). Also, since borax and kernite usually occur in the same 
mineral deposit it would be difficult to operate solution and conventional mining 
methods in the same mine. 

Methods of beneficiation by scrubbing or attrition were reported by Batuner 218 and 
Connell and Rasor.1?® Batuner carried out the scrubbing of the ore in a multistage 
series of agitators and settling chambers. Connell and Rasor upgraded colemanite, 
tincal and ulexite ores by scrubbing in a saturated solution of the mineral in the 
presence of yieldable surface-attrition devices such as rubber balls. The solid borates 
were then separated from the slimes produced. 

Acid leaching, dissolving or other methods of beneficiation are tantamount to 
actual boric acid or borax processing and as such are fully discussed elsewhere. How- 
ever, a few methods are worthy of mention. The preparation of borax by the solid- 
state reaction of natural and calcined colemanite or priceite with a mixture of sodium 
bicarbonate and carbonate was investigated by Alpar and Gulensoy.?2° Maximum 
yields of borax were obtained at 200—300°F with the calcined mineral. In the 
manufacture of boric acid from kernite containing magnesium as an impurity, 
Franke**? patented a method for treating the ore with hot sulphuric acid to form a 
solution containing boric acid with magnesium and sodium sulphates. The solution 
was cooled to crystallize a crop of boric acid. The resulting liquor was then concen- 
trated to the point of saturation with respect to sodium sulphate, when sodium 
magnesium sulphate and further quantities of sulphate-free boric acid were crystal- 
lized sequentially. Dwyer+?? proposed the extraction of boron values from a calcium 
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borate ore by reacting the ore with ammonium sulphate solution at 95-105°C to 
form the soluble ammonium borate. The calcium sulphate and gangue were removed 
by filtration and the ammonium pentaborate recovered by crystallization from the 
solution. The pentaborate was then converted into boric acid by reaction with sul- 
phuric acid or ammonium hydrogen sulphate, or converted into methyl borate and 
either distilled to obtain the methanol—methyl borate azeotrope or acid-hydrolysed 
to form boric acid directly. May and Levascheff!2* examined the extraction of boric 
acid from colemanite by digesting the ore with hydrochloric acid; the extraction of 
boron values from datolite was investigated by Nikolaev and Bogatyrex.12* They 
found that up to 95% of the boron can be recovered from datolite by dissolving the 
mineral in 52% sulphuric acid or 7% hydrochloric acid and recovering the boron as 
methyl borate. In 1972, Mathis+?° described a process for producing a clear solution 
of calcium borate in boric acid solution from a low-grade calcium borate ore which 
does not contain appreciable quantities of sodium borate. In an example given, 53 g 
of colemanite (45°, B2O3) were dissolved (97% efficiency) in 20 min at 90% in a 
boric acid solution, increasing its boric oxide content from 109 to 118 g of B2O3 per 
kg. A further process for the recovery of boron values from an insoluble borate ore is 
described in a Belgian patent!?°; calcium and magnesium borates are rendered 
water-soluble by contacting an aqueous slurry of the ore with a sufficient amount of 
carbon dioxide to precipitate the calcium and magnesium carbonates, the boron 
values remaining in solution. 

Various methods for the extraction of boron values from tourmaline were described 
by Stoicovici et al.*2” and the decomposition temperature of the mineral was investi- 
gated by Henderson.'?® Henderson reported that a higher rate of extraction of boron 
values was obtained when leaching from tourmaline decomposed under reducing 
conditions, rather than from tourmaline decomposed in air. Kamiko??° extracted 
boron values from tourmaline by heating with sodium carbonate at 780-850°C for 
30 min and extracting the borax by leaching with hot water, which gave a 95% 
recovery. 
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SECTION A4 


BORIC OXIDE 
(BORON TRIOXIDE, BORIC ANHYDRIDE, BORIA) 


BY J. DULAT 


The popularity of the alternative names ‘boron trioxide’ and ‘boric anhydride’ 
has declined and the use of ‘boric oxide’ is now preferred. The name ‘bora’ sug- 
gested for the oxide in 19351 has not found acceptance, but the version ‘boria’ is 
fairly often used, particularly in the catalysis field. The commercial product is also 
known as ‘anhydrous boric acid’. 


FORMATION 


Boric oxide is a product of a variety of reactions (Mellor, V, 41) some of which 
deserve further comment. The product obtained on combustion of elemental boron 
in oxygen is usually contaminated with boron, and possibly boron suboxides, be- 
cause the surface layer of the molten boric oxide first formed wets the unreacted 
solid and shields it from contact with the oxygen.” Since the rate of oxidation is thus 
dependent principally on the remaining amount of exposed unreacted solid, it 
diminishes with time according to a parabolic law®, and is not markedly affected by 
moderate variations in oxygen gas pressure. The rate of reaction is, however, in- 
creased and the temperature of ignition lowered considerably in the presence of 
fluoride and silicofluoride impurities.* The presence of combustible organic materials, 
e.g. benzoic acid, facilitates contact between the reactants, but even with the use of 
such aids it is difficult to achieve a complete reaction.°~” 

In the preparation of boron carbide from a mixture of boron trichloride, carbon 
monoxide and hydrogen, the appearance of boric oxide alongside the carbide was 
attributed to the reaction®: 


14B+3CO = B203+ 3B4C 


and if this is correct, boron carbide would be found among other contaminants in 
boric oxide prepared in the presence of organic matter. In one specific instance the 
presence of the carbide could not be confirmed in a product obtained by combustion 
of boron in oxygen at 28 atm pressure in the presence of carbon black?, so that some 
doubt remains as to the identity of contaminants in boric oxide obtained by combus- 
tion methods. The presence of the contaminants can usually be demonstrated by 
their insolubility in water. 

The formation of boric oxide in the combustion of liquid or volatile organoboron 
compounds, as in the reaction: 


(CH30)3B se Oz SS Be2O3 


has a number of practical applications, e.g. in gas welding (vide infra), but sometimes 
it may be troublesome, e.g. in the combustion of high energy boron fuels.? The 
growth of droplets of liquid boric oxide in flames can be studied using light-scatter- 
ing techniques.?° 
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PREPARATION 
Vitreous Boric Oxide 


Boric oxide glass is usually prepared from boric acid by dehydration. The product 
is colourless, hard and tough. Various methods have been proposed for obtaining 
the material in a form which is easier to break and grind. Careful drying of boric 
acid at 200°C in vacuum and over phosphorus pentoxide gives a slightly sintered or 
porous material.4?*+? An improvement in the method consisted of heating boric 
acid over a period of 48 hr up to 250°C in a long glass tube under vacuum (3-10 
mm Hg) using a sodium hydroxide—phosphorus pentoxide combination of desic- 
cants. The product was in the form of a powder requiring but little grinding and was 
99-5°%% pure.!® This effect of the vacuum on the form of the product may be associ- 
ated with the fact that at 10 mm Hg the dehydration of boric acid occurs in a single 
stage, by-passing the liquid phase which is associated with the two- or three-stage 
process occurring at pressures above 15 mm Hg and involving the formation of the 
intermediary metaboric acid, HBO2.1* One method of obtaining a powder suitable 
for use as a drying agent is to dehydrate the acid at about 800°C and to pour the 
melt into carbon tetrachloride at 0°C.° Material of exceptional fineness (< 100 mu) 
may be obtained by causing boron trichloride gas to react with a gaseous mixture of 
a hydrocarbon and oxygen with the reactants in proportions calculated to ensure 
completeness of the combustion.'®1” Films of boric oxide glass can be deposited 
on various substrates from the vapour phase at moderate temperatures (e.g. 200°C) 
and low pressures.?® 

Removal of the last traces of water from boric oxide is not easy. Heating alone in 
air at temperatures above 1000°C does not yield a completely anhydrous product; as 
water is removed, water vapour from the atmosphere reacts with the melt. After 
establishment of equilibrium between the rates of loss and gain, the proportion of 
water in the melt depends on the partial pressure of the water vapour in the atmos- 
phere.?°-?1 The preparation of completely anhydrous boric oxide is claimed to be 
achieved by melting the sample in an induction furnace under a high vacuum. The 
anhydrous material has lower density than samples containing small amounts of 
water.?2 The presence of carbon facilitates the dehydration of boric acid at 900°C.?° 
Reliable indication of the presence or absence of water in boric oxide is obtained 
from study of the infra-red spectra. The completely anhydrous material, such as that 
obtained by fusing samples in a boron trichloride atmosphere at 1350°C, does not 
show the characteristic and sensitive band at 2°8 u.24-> Unfortunately such a fusion 
results, inevitably, in a fairly heavy contamination of the boric oxide with chlorine; 
in one experiment 2:30°%% was found after heating at 1300°C. A good degree of dehy- 
dration without incidental contamination can be achieved by heating boric oxide in 
dry nitrogen; in one instance only 0-027% of water was found after heating for 6 hr at 


Table I.— Effect of Heat Treatment (under normal and reduced air pressure) 
on the Water Content of Boric Oxide?" 


700°C 1100°C 1200°C 
Heating Air H.O, || Heating Air H.O, | Heating Air 
time, | pressure, % time, pressure, yi time, pressure, 
hr mm Hg hr mm Hg hr mm Hg 
1 760 0-27 1 760 0:20 0:3 760 
2 760 0:25 z 760 0-18 2 760 
4 - 760 0:25 4 760 0:17 4 760 
0:5 2 0-1 0:25 
1-75 
3 1 0-04 3 
10 1 0-023 15 
20 1 0-021 20 
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1300°C.2° A recent study?” showed that residual traces of water could not be re- 
moved entirely by heating under a vacuum, as is seen from Table I. 

If, however, the heating is carried out at 1300°C under high vacuum (1 mm Hg) 
with the melt contained in a carbon crucible, the water content can be reduced to 
10 p.p.m.?’ The density of the product decreases with decrease in the water content, 
in agreement with an earlier observation.? 

Although traces of water are particularly difficult to remove from boric oxide, the 
rate of water absorption, and hence the value of the material as a dehydrating agent, 
tends to be over-estimated.*® When in lumps, the surface of the glass acquires a 
milky appearance within a few hours of exposure to an atmosphere of average 
humidity, but thereafter the rate of absorption of more water becomes slower. The 
proportion of water absorbed within a specified time depends on the surface area 
and hence on the degree of comminution of the material. The finely divided product 
obtained by pouring the melt into carbon tetrachloride?® is an efficient drying agent 
up to a moisture content of 25%. 

In preparing boric oxide from boric acid, losses of material brought about by the 
volatility of boric acid cannot be avoided. Heating boric acid in an open dish may 
be accompanied by losses as high as 5—6°%; this loss is particularly undesirable when 
handling expensive isotope-enriched materials. The simplest remedy is the provision 
of reflux conditions. In small scale laboratory preparations the volatility loss can 
be reduced to 1% by allowing a crust of solid to form on the surface of the dried 
material and by programming the heating over a period of 3—5 hr up to the maxi- 
mum temperature of 500°C.?° It is possible to achieve fairly extensive dehydration 
of boric acid by azeotropic distillation in organic media. In a recent process boric 
acid was refluxed with xylene and petroleum fractions to yield samples of product 
with over 95°% B.O; content.®° 

The preparation of isotope-enriched samples of boric oxide was attempted using 
zone-melting separation techniques. The heavier 11B tends to accumulate in the 
melt but the effect is too small for the method to be of practical use.*1 Pure 11B,03 
can be obtained from K*BF, by chemical methods; in one small scale (9:2 g !1B,03) 
preparation an overall yield of 83°% was recorded.®? 


Crystalline Boric Oxide 


The existence of crystalline boric oxide was forecast in 1934°3-* but the first suc- 
cessful preparation was reported in 1937.9° The method consists in maintaining a 
melt of partially dehydrated boric acid (8-15% water) in a loosely covered vessel in 
an oven at 225-—250°C. The time required varies from 7 days with the use of tech- 
nical grade material to 14 days using a purer grade of boric acid. Once started, the 
crystallization has a tendency to proceed very rapidly and its onset can be hastened 
considerably by seeding. The product was claimed to be essentially anhydrous.3°—” 
From a detailed study of the mechanism of the crystallization it was concluded that 
the separation of the crystalline HBO.(I) from the melt is a necessary pre-requisite 
to the crystallization of the boric oxide itself. This conclusion is in agreement with 
the observations that it is impossible to obtain the crystalline product in the absence 
of water, even with seeding, and that heating of boric acid in open vessels yields 
crystals of boric oxide only if the heating is carried out very slowly. In tests under 
controlled conditions in closed vessels it was shown that crystallization occurs after 
prolonged heating below 235°C of the Bz03;-HBO,(I) eutectic if the water content 
of the melt is less than 189%. In the presence of 5°% water and with addition of 
seed, full crystallization can be achieved within 24 hr heating at 250°C. If the water 
content is 1% oc less the melt cannot be induced to crystallize.?® An attempt was 
made to explain the difficulty of crystallizing boric oxide in terms of the mode of 
variation of its heat capacity in the vital temperature interval.°° 

The effects of water and temperature on the rate of crystallization were studied 
again in 1966; it was shown that crystallization can be induced at temperatures as 
low as 210°C and pressures as low as 4 kbar.*° In 1959 the preparation of a new 
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dense form of crystalline boric oxide from an almost anhydrous melt was reported. 
The method consisted of heating the oxide above 400°C and under pressures 
> 22,000 atm.*! It was furthermore shown that both the ordinary hexagonal form 
(a-B,O3) and the new dense monoclinic form (8-B2O3) can be readily prepared from 
boric oxide glass (>99°%% B2Os3) by varying the conditions of temperature (300-— 
600°C) and pressure (15,000—70,000 atm). Single crystals up to 0-3 mm in size were 
obtained. The density of the 8-form, which was obtained by applying pressures 
> 20,000 atm, was about 20% more than that of the «-form.*?-? 


MANUFACTURE 


Only the vitreous form of boric oxide is manufactured on a large scale. The 
usual method is by dehydration of boric acid, and the simplest plant consists of a 
refractory-lined furnace provided with gas- or oil-fed burners, one opening for 
addition of solid boric acid, another opening for draining the liquid melt after de- 
hydration and a vent or chimney for removal of gases. Various improvements or 
alternatives to the simple plant or process have been suggested, though not always 
adopted. In a patented process (1933) boric acid was fed in at the top of a carbon- 
lined electric-resistance heated crucible and molten boric oxide drained in a con- 
tinuous stream from the bottom**; the energy requirement for this process was 
calculated.*° More recently (1959) an apparatus for the continuous production of 
boric oxide based on somewhat similar principles was described in which the boric 
acid was passed over an electrically heated rod enclosed in a quartz tube; energy 
efficiencies of over 70% were claimed.*® Quenching of the melt with water was said 
to be a means of facilitating fragmentation of the material*’, and the use of vacuum 
to obtain a lighter product was also patented.*® The intumescence which effects 
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Fic. 1.—Side and top views of a furnace for the continuous production of boric oxide 
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considerable increase in the volume occupied by the heated boric acid can be reduced 
by addition of ground charcoal.*® 

A basically conventional furnace but of improved design which enables program- 
ming of the thermal treatment so as to reduce losses due to volatility of boric acid 
was patented in 1962 and is shown in Fig. 1. A characteristic feature of the arrange- 
ment is that the boric acid is fed continuously from inside the pile so that its tempera- 
ture is raised gradually from the moment of entry into the furnace. The molten 
product is fed onto water-cooled rolls and immediately milled and packed in air- 
tight containers.®°° 

The relatively lower cost of borax as a source of boric oxide compared with the 
cost of boric acid in the U.S.A. has prompted studies of methods of preparing boric 
oxide from borax. One such method is based on causing borax to react with am- 
monium chloride in aqueous solution, precipitation and thermal decomposition of 
ammonium pentaborate NH,B;Og, the intermediary compound 5!-?: 
5Na2B,0-(aq.) ++ 10NH.Cl(aq.) ai 13H,O —. 4NH.B;03.4H2O + 10NaCl+ 6NH3 
and 


2NH.Bs0¢.4H20 —— > 5B,03 + 2NHs+9H20 

A more direct process is based on the reaction between sodium tetraborate penta- 
hydrate, NazB,O7.5H2O, and concentrated sulphuric acid at ambient temperatures. 
The resulting paste-like mixture of boric acid and sodium sulphate dries to free- 
flowing and easily handled granules which are fed into a furnace operating at 800- 
900°C, similar in construction to that shown in Fig. 1, but fitted additionally with a 
dam on the floor to separate the boric oxide-rich (> 95°% B2Oz3) upper layer from the 
heavier layer of sodium sulphate. The product and by-product are fed onto chilled 
rolls from separate openings. The final product contains a small percentage of sodium 
oxide, but it is suitable for most applications in the glass and enamel industries.®° 


PHYSICAL PROPERTIES OF BORIC OXIDE 


Density 


The calculated molecular weight of boric oxide is 69:62. Determinations of the 
molecular weight were made on the compound in the liquid phase 5* and the gaseous 
phase. An average of 62+ 9 for the formula weight of gaseous boric oxide obtained 
in the range 1127-1352°C shows the molecular unit to be relatively stable up to 
these high temperatures.®° 

Density determinations of vitreous boric oxide have been hampered by difficulties 
which are not adequately understood. Prior to about 1923 the data reported by 
various authors varied from about 1:83 to 1:85 g cm~$ for the material at ambient 
temperatures (Mellor, V, 41). In 1926 a lower figure, viz. about 1-794, was found for 
a sample of boric oxide prepared from pure boric acid which had been heated at 
about 1000°C and then quenched *5*’, but this work was subsequently criticized 
and a mean value of 1-844 reported for a set of samples prepared by fusing boric 
acid at 1400°C and annealing the product; low values were attributed to fusing the 
boric acid at too low a temperature and to inadequate annealing.®°*° Alternatively, 
it was suggested that the figure of 1-844 was high owing to inadequate dehydration 
of the material heated, presumably, in a gas furnace atmosphere rich in water vapour. 
A product obtained by heating pure boric acid for 24 hr in an induction furnace at 
1200°C under high vacuum and then allowed to cool to room temperature over a 
period of 13 hr was found to have density 1-812 g cm~%.2? The results of a more 
recent investigation confirmed that the removal of residual water brings about a 
decrease in the density of boric oxide; whereas a sample containing 0:28°% water 
had density 1-853, that for nearly anhydrous material (0-:002°% water) was 1-829 
g cm~° at 20°C.?7 On the basis of density measurements made on samples with the 
water content down to 0:027%, a value of 1-820 g cm~$ for completely anhydrous 
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material was obtained by extrapolation.®° All the above evidence indicates that the 
variability in reported density values is explainable in terms of variations in the 
water content and in the heat treatment of the samples used in the determinations. 
Apart from any additional complications, similar difficulties have probably beset 
attempts to determine the density of molten boric oxide, so that there is some 
scatter of the reported data. Results obtained in four independent laboratories more 
recently °1-> are shown in Fig. 2. 
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Fic. 2.—Density of boric oxide 


Under one specific set of experimental conditions the density of boric oxide (in 
g cm~°) is given by d= K,+ K./T, where T is in °K and the constants K, and Kz 
are 1:3388 and 228 respectively over the temperature range 600-1000°C or 1:3947 
and 157-9 respectively for temperatures above 1000°C.** According to data obtained 
with improved apparatus the density of boric oxide in the temperature range 1030- 
1310°C is given by p=a—bT(°K) g cm~°, where a= 1-633 and b=8-67 x 10~°.°° In 
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addition to the effects of moisture content and thermal history of the sample, the 
density of boric oxide is also affected by pressure. The degree of compaction in- 
creases gradually with the increase in pressure up to 10*—10° atm.®’~® The density 
of the compacted glass can be restored to the original value by annealing to suffi- 
ciently high temperatures.°” When a pull is applied to the oxide under pressure a 
further increase in density takes place.’° The compaction accompanying the crystal- 
lization of boric oxide is considerable. The density of the hexagonal or a-B2Oz3 is 
2-4235, 2-447) or 2:46°8 42:72, and of the monoclinic or B-B2O3 2:95 g cm~°.4? 
Pressure brings about a further compression of crystalline boric oxide and the magni- 
tude of the effect at pressures up to 10,000 atm can be expressed by the equation: 


—AV/V> = (3:24x 10~°)(P— 2000) — (0-29 x 10~ +°)(P — 2000)? 


where P is pressure in atmospheres.”* 


Hardness 


Although frequent references are made in the literature to the hardness of vitreous 
boric oxide (e.g. Mellor, V, 41), there seems to be no record of any measurement 
having been made. The results of a scratching test carried out in a ‘dry-box’ in the 
author’s laboratory on a sample of material immediately after heating it at 1300°C 
for 3-5 hr and quenching to the ambient temperature indicated hardness of about 4 
on the Mohs scale. On raising the temperature of boric oxide the material softens 
gradually; the softening point as determined with a weighted needle was 250°C."* 
With another version of such a penetrometer the softening point was 209°C; above 
this point the ‘index of plasticity’ was observed to rise exponentially with tempera- 
ture.”© The ‘creep’, or slow deformation, of boric oxide was observed on a cylinder 
of the material at 243°C and under a load of 95 kg cm~?. In common with other 
materials the deformation of boric oxide under such conditions is partly elastic in 
character, i.e. increasing logarithmically with time and reversing on removal of the 
load, and partly non-reversible, i.e. increasing at a constant rate as long as the load 
is applied.”© The residual water content has an appreciable effect on the hardness 
of the material at temperatures below the m.p. For instance, the transformation 
temperature (at which the viscosity is arbitrarily 10*° poises) and the softening point 
(viscosity = 107° poises) are 300 and 325°C respectively for almost anhydrous 
(0:002°% HzO) boric oxide, but 240 and 275°C respectively for a material containing 
0:28°% water.?” A rough assessment of the hardness of the hexagonal or a-form of 
crystalline boric oxide at the ambient temperature gave a value of 4 on the ‘scale of 
minerals ’.?° 


Thermal Expansion 


Studies of thermal expansion of boric oxide glass showed that the amount of 
expansion per unit temperature rise increases considerably as the glass is heated 
above the transformation temperature and then tends to decrease as the tempera- 
ture is raised above the m.p. The results of determinations of coefficients of linear 
and volume expansion reported by two independent authors in 1928-9 and 1933 
respectively ’"-° are listed in Table II. 

The transformation temperature interval between 240 and 250°C is associated 
with a viscosity of 10'?°7 poises.78 At high temperatures the specific volume of the 
glass is related to its viscosity by the formula v= K,+ Ke/n, where K, and Ko are 
constants within a certain temperature interval. At lower temperatures there is 
considerable departure from linearity in the above relationship presumably owing 
to polymerization.’® In a study of the pressures developed on heating samples of 
boric oxide contained in a steel cylinder it was shown that the then so-called ‘soften- 
ing temperature’ rises from 248°C at 165 atm to 280°C at 3030 atm, the relationship 
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Table II.—Thermal Expansion of Boric Oxide Glass 


Coefficient of 
volume expansion 


Coefficient of 
linear expansion 


Temperature, °C 
a (x 10°) per °C | Reference | y (x 10°) per °C | Reference 
14-3 
14-8 
15-2 
15-7 
16:1 
16:4 
16:6 
205 (179) 
209 


78 


79 


being governed by t,=247+0-02p—(3 x 10~°)p?, where p is the pressure in atmos- 
pheres. High values for ¢, are obtained if the heating is too fast.2° On closer examina- 
tion of the effect of the thermal history of a sample on the variation of the coeffi- 
cient of expansion with temperature, it was found that the width of transformation 
temperature interval increases with the duration of annealing of boric oxide. Sam- 
ples quenched very rapidly from 180 to 230°C tend to contract rather than expand.®+ 
According to results obtained in other studies the transformation point is 247°C; 
below this temperature the coefficient of linear expansion is 15:93 x 10~°, and above 
it it increases rapidly. The tendency of rapidly cooled boric oxide to contract when 
heated below the transformation point was confirmed, but the temperature at which 
the contraction is at its maximum was found to be about 250°C.®2-3 The nature of 
changes which occur during annealing was discussed in terms of amplitudes of 
molecular vibrations, and their effect on the specific volume of boric oxide at 0°C 
was examined.®* A review of data on thermal expansion of boric oxide reported in 
the literature up to about 1941 was made by Morey.®° Data obtained more recently 
confirm the tendency of the coefficient of volume expansion to decrease between 
temperatures of 600 and 1000°C similarly to that shown in Table II®>®° but the 
datum of y=125 x 10~°/°C at 1100°C reported by one of the authors®’ does not 
fit in either with the older data of Table II, or with the recent findings of a break in 
the thermal expansion/temperature curve at about 1000°C and a significant decrease 
in the coefficient of expansion above that temperature.®°* Residual water in boric 
oxide has a measurable effect on its expansion properties °°; the coefficient of linear 
expansion over the temperature range from 20 to 200°C is about 15-0 x 10~°/°C 
for the almost anhydrous material (0:002%% H.O) and about 15-8 x 10~°/°C for 
boric oxide containing 0-:28°% water.?” 

A study of the thermal expansion of hexagonal crystalline boric oxide showed 
that the average value for the coefficient of linear expansion («) increases with tem- 
perature as follows: «=16-0 x 10~°/°C between 50 and 200°C, 16-8 x 10~°/°C be- 
tween 200 and 400°C, and 70-0 x 10~ &/°C between 400 and 450°C. Residual moisture 
in the sample reduces the accuracy of the results, and the presence of a small propor- 
tion of vitreous boric oxide probably accounts for a break in the expansion/tempera- 
ture curve at about 200°C.® 
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Melting Point and Boiling Point 


The vitreous boric oxide has no true m.p.; the transition from the solid to the 
liquid state takes place gradually from about 325°C, when the viscosity is 107° 
poises2’, to 450°C at which temperature the viscosity is still very high, viz. about 
10° poises®” and the material just begins to flow.® The m.p. of hexagonal (a) crystal- 
line boric oxide was reported as between 460 and 470°C by its discoverer *°, but was 
quoted subsequently as 450—-451°C ®° and 450 + 2°C.3® 8° However, some doubts on 
the accuracy of the latter figures persist and it was suggested in 1961 that the true 
m.p. is probably in the range 455—475°C.*? The effect of residual water in boric 
oxide is to lower the melting, softening and freezing points of the material, viz. with 
0:138°%% of water the m.p. (at viscosity 10* poises) is 543°C, the softening point (at 
viscosity 10° poises) is 346°C and the freezing point (at viscosity 10** poises) is 
275°C; with 0:027°% water the corresponding temperatures are 551, 352 and 285°C 
respectively; the corresponding extrapolated values for completely anhydrous mater- 
ial are 552, 354 and 287°C.?° The effect of pressure on the m.p. of a-boric oxide was 
estimated to produce a rise of 3°C per 100 atm.?® The dense monoclinic form of 
crystalline boric oxide melts at about 510°C.*? 

The b.p. of boric oxide as calculated from vapour pressure data was reported in 
1935 as 1860°C.°° Extrapolation based on results reported by two independent 
teams in 1950 and 1955°1-? gives a considerably higher figure, viz. approx. 2250°C, 
but lower values are obtained by calculation from vapour pressure data reported 
more recently, viz. approx. 2170°C**®, 2130°C 9? and 2200°C.%* 


Heat of Formation 


Early attempts at determining the heat of formation of boric oxide by measuring 
the heat liberated on burning elemental boron in oxygen met with difficulties brought 
about by the impurities associated with elemental boron and by the refusal of the 
reaction to run to completion. The values of 349 and 336 kcal mole~+ (1460 and 
1402 kJ mole~*) reported in 1937 and 1946 respectively®-’ were believed to be 
high owing to the presence of hydrogen in combination with the boron. The value 
obtained by burning boron in the presence of readily combustible organic material 
was about 281 kcal mole~* (1150 kJ mole~*).2 However, a higher figure, viz. 
about 318 kcal mole~+ (1330 kJ mole~+), was obtained in a calculation based on 
experimental data for the entropy of elemental boron®® and the heat of hydrolysis 
of boron trichloride.°° In more recent determinations carried out on crystalline 
boron burned using an improved method without the aid of organic material, the 
value of 304-6 kcal mole~1 (1274 kJ mole~*) was obtained. This figure is in agree- 
ment with that calculated from the decomposition of diborane.°’ Data calculated 
from the heats of formation and hydrolysis of 99-9494 pure diborane, as determined 
at 25°C, are as follows °°: 


2B(a) + 1:5O2(g) = B2O3(a) + approx. 301 kcal mole~* (1260 kJ mole™ +) 
2B(a) + 1:-50.2(g) = B2O3(c) + approx. 306 kcal mole~+ (1280 kJ mole~*) 
2B(c) + 1:5O2(g) = BzO3s(c) + approx. 305 kcal mole~? (1270 kJ mole~+) 


(a) = amorphous, (g) = gas and (c) = crystalline 


These results are in good agreement with those of other workers °°-1°? and provide 
reasonably close confirmation of the heat of transformation from the amorphous 
to the crystalline boric oxide which must be about 4-5 kcal mole™? (17-21 kJ 
mole~+*).1°* The heat of formation of boric oxide is considerably higher if both 
reactants are in the gas phase: the calculated value is 356 kcal mole~? 
(1490 kJ mole~*) of BOj.5, i.e. 712 kcal mole~? (2980 kJ mole~*) of B20 .1°5-® 
A series of diagrams representing the variation of the heat of formation of various 
oxides, including boric oxide, with temperature was published in 1963.1°7 
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Heat Capacity and Entropy 


The heat capacity of boric oxide increases with temperature. The rate of increase 
was thought to be anomalous at about 218°C 1° and in 1931 it was reported as 
being above average for the boric oxide glass in the transformation range of tem- 
peratures; whereas at 100°C the specific heat was found to equal about 0-25 cal g7! 
deg~+, at 275°C it was 0-435 cal g~1 deg~!. The shape of the specific heat/tempera- 
ture curve between these two temperatures was found to be affected by the thermal 
history of the sample, and the paths of the curves differed according to whether the 
test material was being heated or cooled.+°° Ten years later the specific heat of crys- 
talline boric oxide was shown to vary uniformly with temperature between 51 and 
295°K, the values at 52:9 and 295-1°K being 1:695 and 14-72 cal mole~ + respectively. 
From these data the entropy at 25°C was calculated as S293.1g = 13-0 + 0-1 cal mole™+ 
deg~?.11° Extension of the work to temperatures above ambient, on both crystalline 
and vitreous boric oxides, yielded a series of results that were not in agreement with 
the earlier conclusions about the relatively rapid increase in heat capacity with tem- 
perature in the softening range of the glass. The heat content of the crystalline boric 
oxide was shown to increase regularly from 298°K to 723°K according to the equa- 
tion: Hy— Hoog.1 = 15°75T4+ 7:49 x 10-72 + 5-307 x 10°/T— 7139 (cal mole~+) and, 
within 1°%% relative error, the same relationship holds for the vitreous boric oxide 
up to 560°K, above which temperature there is a slight increase in the slope of the 
nearly linear 4H/T curve. The heat content of the liquid boric oxide at temperatures 
from 900 to 1800°K is given by the equation: Hy— A293. = 30°45T— 11820 (cal 
mole~*), and the heat capacity C,= 30-45 cal mole~+ deg~1. The entropy of boric 
oxide glass at 25°C was calculated as: So9g.1 = 18-9+0°3 cal mole~1 deg~?.1°* More 
recently (1950) a recalculation of the entropy of crystalline boric oxide based on 
results of measurements of heat capacity at temperatures from 17 to 200°K gave a 
value of S29s.1g6 = 12°87 40-1 cal mole! deg~ 1111, i.e. close to the lower of the two 
values (13:011° and 18-91°*) published in 1941. Close confirmation of earlier data 
for the heat content of boric oxide at high temperatures is also given by the equa- 
tions: Hy — Hogs.16 = 30°54T— 11920 cal mole~* and C,=30-54 cal mole~1 deg™?, 
which were computed from experimental results obtained over the temperature range 
1000-—2150°K.112 The subject of the change in specific heat of glass-forming sub- 
stances at the glass transformation temperature was taken up recently to show that 
for a mole of glass in the form of specially defined ‘beads’ the change was approxi- 
mately 2:7+0-5 cal deg? for all glass-forming materials, with the exception, it was 
thought, of boric oxide, for which a value of about a fifth of this was quoted.+?3 It 
was subsequently noticed, however, that the value calculated for boric oxide was in 
error owing to misreading of a datum in an original paper+°? on which the calcula- 
tion was based, the corrected figure being 2°75 cal deg~?, i.e. well in line with that 
for other glasses.14* The heat capacity and other thermodynamic functions have 
recently been calculated for the *°B2O3 and 11B2Og3 species.1?° According to most 
recent (1966) data, the heat capacity of crystalline boric oxide in the temperature 
range 300-700°K is given by the equation: C,=15-88+0-014817— 49047? cal 
mole~? deg~? and the heat capacity of vitreous boric oxide in the range 300—-510°K 
is the same. For both forms the entropy at 25°C, S2og.1 = 14:95 cal mole~+ deg™?; 
this figure is a compromise between the divergent data published earlier. The heat 
capacity of boric oxide at its m.p. (450°C) is 31-80 cal mole! deg~+ and the heat 
of melting is 5-°87+0-03 kcal mole~1.11® The heat capacity of boric oxide at low 
temperatures was discussed in relation to chain structure?*” and atomic coordination 
number??® and a table of heat capacity data for the temperature range from 60 to 
295°K has been given recently.1?° 


Heat of Solution 


The heat of solution of amorphous boric oxide has been reported by several. 
authors; a short list of selected data is given in Table III. 
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Table I1I.—Heat of Solution of Vitreous Boric Oxide 


Heat of solution,| Year Reference 
kcal mole~ 2 


RW 120 


8:0 
7:85 +0:08 1937 121 
7:839 + 0-020 1941 104 
7:928 + 0-029 1951 122 
7:78 + 0:05 1964 123 


The above values were obtained in determinations carried out at 25°C and with 
proportions of added water varying from about 350 to about 1000 moles per mole of 
boric oxide. The heat of solution of the crystalline («) variety of boric oxide is lower, 
viz. about 3-478 + 0-020 kcal (mole B.O3)~11°* or 3-45 +0-03 kcal (mole B2O3) ~ 1.22% 
When boric oxide is dissolved in water a considerable portion of the heat first liber- 
ated on hydration is re-absorbed during dissolution of the boric acid formed; i.e. 
the heat of hydration of one mole of boric oxide to two moles of boric acid, H3BOs, 
is considerably higher than the heat of solution, viz. 18-6 kcal per mole of vitreous 
B2O3 at 239°K 12° or quoted as 18:26+0-08 kcal per mole of vitreous B2.O3.127 In a 
study of hydrothermites (heat-releasing mixtures) boric oxide evolved approx. 
16:8 kcal mole~? on hydration.1?* The heat of neutralization of vitreous boric oxide 
with 0:1N sodium hydroxide is 24:7 kcal mole~?.1?+ 


Vapour Pressure 


All aspects of the volatility of boric oxide are of considerable practical interest, 
particularly in the various branches of the glass industry where its use is indis- 
pensable. Much effort has been rewarded with rather scant and relatively low-pre- 
cision data for reasons which will become apparent from the following account of 
the last few decades’ studies. The volatility of boric oxide was observed over a 
century ago’?° and confirmed since’?*’; nevertheless as late as 1922 an attempt to 
measure the vapour pressure at about 1540°C was not successful.+2° The first results 
of a quantitative study, reported in 1935, are given in Table IV. 


Table IV.—Vapour Pressure of Boric Oxide°° 
Dynamic Method, 1935 


Temperature, °C | ps.03, mm Hg 


1200 0-83 
1250 2:0 
1300 3°4 
1350 6:9 
1400 12-0 


The determination was carried out by the dynamic method using nitrogen gas: 
under normal atmospheric pressure®°; the results were in later years criticized as 
being much too high. In 1937 a few data were reported in terms of weight loss, viz. 
0:0861 g and 0-1470 g of boric oxide lost per cm? of evaporating area per 24 hr at 
1250 and 1350°C respectively '°; the ratio of the two weight losses given is not in 
good agreement with the ratio of the vapour pressures at the corresponding tempera- 
tures quoted in Table IV. Assessments of boric oxide losses from glass and ceramic 
compositions yielded widely different results; whereas no significant losses were 
observed from boric oxide alone or mixed with other anhydrous constituents of glass 
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batches at temperatures up to 1400°C}*°, the volatilization of boric oxide on heating 
glaze compositions was reported to commence at 450°C.1%! The results of studies of 
volatility ef boric acid carried out in 193712°, and particularly the finding that as 
much as 5:6% boric acid can be lost on dehydrating it at 500°C?°°, might have 
warned later workers. Nevertheless, for another 25 years or so, the far-reaching 
effect of water vapour on the volatility of boric oxide was not fully appreciated. In 
1950 an improved technique based on measuring the rate of effusion of vapour from 
an orifice in a platinum Knudsen cell was applied to the determination of the vapour 
pressure of boric oxide at temperatures from about 1300 to 1650°K; a few of the 
results are quoted in Table V. 


Table V.—Vapour Pressure of Boric Oxide 
Effusion Method, 1950 


Temperature Pressure 
Pxeog, atm Psgo3, mm Hg 
9-499 x 10-° 0-007 
6526 x 10-° 0-050 
6:900 x 107-5 0-052 
2°310x 10-4 0-176 
3-050 x 10-4 mUrz32 


On the basis of the data quoted in Table V the dependence of vapour pressure on 
temperature can be expressed by the equation log Pratm) = 6°742 — 16,960/T, where T 
is in °K.°' The above results were confirmed and in 1955 the same equation was 
found to be valid over an extended temperature range, viz. 1331-1808°K °?; more 
confirmatory evidence was published in 1957.1%? Similar results for the temperature 
range 1000—1300°C were also obtained using an improved effusion method whereby 
the condensate is weighed on a microbalance?3*, and a very similar equation, viz. 
log Pratm)= 6°56 — 16,805/T was proposed in 1960.13* However in 1957 a set of sig- 
nificantly lower vapour pressure values was published. The determinations were 
carried out by measuring (entirely under vacuum) the weight and force exerted by 
the boric oxide vapour effusing through two small circular orifices and the results 
fitted the equation: log Pratm) = 7:771 — 19,010/T.°> A selection from still lower values 
obtained in 1963 is given in Table VI. 


Table VI.—Vapour Pressure of Boric Oxide*** 
Effusion Method, 1963 


Temperature Pressure 
aK °C Pse03, atm Ps203, Mm Hg 
1436 1163 4-98 x 10-§ 0-004 
1462 1189 9:94 x 10-6 0-008 
1486 1213 1-66 x 107° 0-013 
1496 1223 1:99x 10-° 0-015 
1509 1236 2°65 x 10-° 0-020 
1532 | 1259 4:23 x 107° 0-032 
1543 1270 5:14x 107° 0-039 


The above data fit the equation log Pratm = 8°921 — 20,381/T. It was suggested that 
the values obtained in all earlier determinations made with the use of the Knudsen 
cell (i.e. including those given in Table V) were high owing to exposure of the test 
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samples to water vapour from the atmosphere.'®* This conclusion is strongly sup- 
ported by observations made in recent years on the profound effect of water vapour 
on the volatility of boric oxide®?’1°°8, the difficulty of obtaining truly anhydrous 
starting material?’ and the readiness with which water vapour reacts with molten 
boric oxide.?? A review of measurements of the vapour pressure of boric oxide made 
up to about 1960 is available?®°, and a brief critical assessment of data up to 1963 
has been made by the authors of the data given in Table VI.*°° Controversy on this 
subject, however, continues. In a paper published in 1964 it is claimed that the con- 
siderably higher data obtainable by the inert gas-flow method (Table IV) are more 
accurate.**° In 1966 results of an examination of vapour pressures at higher tempera- 
tures were reported.°* The material used was freed from water and oxygen con- 
taminants (the latter interfere by giving rise to formation of BO,'*) by degassing 
at 1200°C with purified argon. A selection of results by direct boiling point and 
transpiration vapour measurements is given in Table VII: 


Table VII.—Vapour Pressure of Boric Oxide %* 
Boiling Point and Transpiration Methods, 1966 


Temperature Pressure 

a 8 "CG Pxo03, atm Ps203, mm Hg 
Boiling point method 

1946 1673 1-48 x 10-2 11:3 
2083 1810 5-62 x 102" 42:7 
Zete 2000 2:46 x 1072 187 
2419 2146 7:94 x 1071 603 
Transpiration method 

1956 1683 47x10" 2 11-2 
2087 1814 5-11 1074 38-8 
2094 1821 4:77 x 1072 36:2 


The above data fit the equation: log P=(7:124+ 0-064) — (1-763 + 0-055) x 104/T 
and, if extrapolated to lower temperatures, would support the data obtained by the 
effusion method in 1963 (Table VI). The mechanics of evaporation and their likely 
effect on the results obtained by effusion have been studied 13° 142 and the ‘condensa- 
tion coefficient’ for boric oxide was found to be close to unity.14° The results of a 
study of the composition of the vapour phase above boric oxide at temperatures up 
to 2400°K showed the volatile species to consist largely of Bz2O3(g) with less than 5% 
of B,0.(g), BO(g) or either of the two elements in the gaseous form.144-> The dis- 
sociation at temperatures up to 1515°K was found to be less than 3°%.134 The thermo- 
dynamics of the evaporation were studied by mass spectrometric methods 14%’, 
and B*, BO*, B,Oz and BOF ions were found to be present in B,O3 vapour at 
the relative intensities of 2, 7, 7 and 100 respectively.1*” Importance of knowledge 
of vapour pressure data for boric oxide has been emphasized in connection with a 
study of the performance of pentaborane-containing fuels.1*® A practical use of the 
volatility of boric oxide with water vapour has been suggested in proposed processes 
for the recovery of boric oxide from borate minerals.14% 15° 


Heat of Vaporization and Sublimation 


Just as with improvement in the experimental technique successive determina- 
tions of the vapeur pressure of boric oxide yielded smaller and smaller values, so 
the calculated values for the heat of vaporization of boric oxide have been found to 
be higher with each successive attempt. A summary of reported data is given in 
Table VIII. 
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Table VIII.—Heat of Vaporization of Boric Oxide 


Heat of Year Reference 
vaporization, 
kcal 

(mole BzO3) 7+ 

65:6 1935 90 
77:6 1950 91 
89-4 (4H >) 1955 92 
87 (4Ais00) 1957 55 
89-32 (4H > 1960 134 
84:5 (4 Ais00) 1962 147 
93:3 (4Ais00) 1963 135 
93:6 (4Aig00) 1963 151 


The heat of sublimation of boric oxide was reported in 1957 as 88-7 kcal mole~1 
at 0°K 1°?, but in 1963 the value was found to be 103-1+0-1 kcal mole-1 at 25°C 
(298°K).*°° The thermodynamic properties of the molecules of boric oxide vapour 
have been studied (1964) after trapping them in a solid inert gas at 4 or 20°K.1®2 


Viscosity 


In common with other ‘glass former’ oxides, molten boric oxide has a high 
viscosity. Some of the earliest data obtained by the torsion balance method showed 
the viscosity to decrease from 1510 poises at 650°C to 542 poises at 750°C.!53 Re- 
sults published in 1935*°* and given in Table IX are typical and not widely different 
from more recent data. 


Table 1X.—Viscosity of Boric Oxide1>* 


Temperature, | Viscosity (7), || Temperature, |Viscosity (7), 
ae i 


poises poises 
260 6-1 x 107 600 4°8 x 108 
300 4-4 x 10° 700 8-5 x 10? 
360 2:0 x 10” 800 2:6 x 10? 
400 1-6 x 10° 900 1-2 x 10? 
450 1-7 x 105 1000 74x10 
500 3-9 x 104 1100 4:3x 10 


A set of results obtained independently in 19421°° is in good agreement with the 
data given in Table IX. In 1937 the equation log (7/2114) = 1450/(t— 150-8) was pro- 
posed as representing the dependence of viscosity on temperature up to 1100°C.15° 
This was followed by attempts to evolve a generalized theory, and equations in the 
form log7=A+B/T (where 7=viscosity in poises, and A and B are constants) 
were proposed.*®’-® The plot of log 7 versus 1/7, however, does not give a straight 
line and further attempts were concerned with modifications of the simple equation 
which would fit more accurately the available data.1°® A straight line was obtained 
by plotting (1:5 log T—log 7) versus 1/T, so that an equation of the form: log y= 
A+ B/T+1:-5 log T was claimed to fit a number of inorganic liquids including boric 
oxide.*®° Pressure has a considerable effect on the viscosity of boric oxide; in a 
study using a capillary-flow method it was shown that the effect of raising the pres- 
sure from 1 atm to 1000 kg cm~? was to raise the viscosity 4°48 times at 359°C and 
1-58 times at 516°C.*®! Boric oxide can be used for calibrating viscometers?®?, but 
since the material is hygroscopic it must be dehydrated before use; mere heating for 
2 hr at 1300°C, as recommended in one instance!®*, may not be adequate, but the 
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water content can be reduced to 0:027%% by heating for 6 hr at 1300°C in dry nitro- 
gen.?° Viscosity determinations have been made more recently by several independent 
workers over the following ranges of temperature; 500—1280°C 1%, 450-1200°C 8’, 
500-800°C *®*, 500-1000°C®®, 850—-1300°C ®?, 500—-1300°C1*5, 115-1270°C 163 166 
318-1400°C *®” and 370—1280°C.1°8: 169 Agreement among the various data (includ- 
ing those quoted in Table IX) is fair, the differences being ascribable to variations in 
the purity of the test material and the experimental technique.?® A set of results 
obtained very recently with an improved counterbalanced-sphere viscometer fits 
the equation: log 7= —0°6672+3472/T(°K) over the temperature range 1000- 
1400°C, where 7 is viscosity in poises.®® The effect of retained water is to lower the 
observed viscosity.*® °: +3 On extrapolating results obtained on a series of samples 
with water contents varying between 0:49 and 0:027°%% to water content nil, the 
following equation was proposed for the anhydrous material: log 7 =0-652-+ 1215/ 
(t—189) with ¢ in °C. A review of data reported between 1907 and 1956 indicates 
that all these data fall between the values expected for boric oxide with water con- 
tent varying from nil to about 0-4°%.26 170 

The ‘activation energy for viscous flow’, which for non-associated liquids is de- 
fined by the Arrhenius equation: E, = RT log 7/A (where 7 is viscosity in poises and 
A is a constant) was determined for boric oxide in 1956; the value of approx. 34 
kcal mole~* was found over the temperature range 500-800°C.1°* Subsequently 
values have been quoted varying from the maximum of 100 kcal mole~! in the trans- 
formation range (7=101! poises)1®* to 36-5 kcal mole~? at 520°C, or 12:5 kcal 
mole~? at 1000°C®°®, or 15 kcal mole~? at 1300°C®%, or about 12 kcal mole-? at 
1300°C. The overall conclusion was that the ‘activation energy for viscous flow’— 
temperature relationship for boric oxide is complex and cannot be described by 
the Arrhenius equation or even by any equation of the form E,=A/T+B which 
is applicable to the majority of associated liquids.171 Two other equations of this 
form, however, have been subsequently proposed, viz. E, = 4-213 x 10*/T— 22-15 for 
the temperature range 500-775°C and £,=1-:121 x 10*/T7+7:40 for temperatures 
above 775°C.*® The effect of water in boric oxide is to lower the activation energy 
for viscous flow at high viscosities (e.g. from 160 to 105 kcal mole~ at 101° poises) 
and to raise it at lower viscosities (e.g. from 32:6 to 33-8 kcal mole~1 at 1045 poises 
and from 13-9 to 17-1 kcal mole~+ at 10? poises).2° A series of recent studies has 
been concerned with the examination of relationships between ultrasonic absorp- 
tion or velocity and the viscosity of vitreous and liquid boric oxide.?72-5 


Surface Tension 


The surface tension of boric oxide was reported in 1938 to vary from approx. 
57 dynes cm~? at 300°C to approx. 67 dynes cm~? at 500°C; these values were 
determined by the sessile drop method.'”° In 1947 a study made using a modification 
of the pull-on cylinder (or ‘anchor ring’) method yielded a set of results fitting the 
straight line equation: y=47-6+0-0354t (y is in dynes cm~? and ¢ in °C) over the 
temperature range at least 700—-1400°C.'”" Results quoted in succeeding years were, 
on the whole, in good agreement with those given by the above equation?7®-®°; a 
typical set obtained using the maximum bubble pressure method is given in Table 
X. 


Table X.—Surface Tension of Molten Boric Oxide1®* 


Temperature, | Surface tension, 
i 


dynes cm~? 
866 79:4 
1000 82-3 
1100 86:1 
1229 94-4 
1331 103-4 
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Molten boric oxide is one of the few oxides the surface tension of which increases 
with temperature (others being GeO, and SiOz, but not Al,Og or P2O;) and, not 
surprisingly, attempts have been made at explaining this unorthodox behaviour. 
According to one plausible theory the spatial asymmetry of the boric oxide mole- 
cule results in a strong tendency to orientation in the surface layer so as to give the 
lowest possible surface tension. On raising the temperature, the disorder brought 
about by the increasing thermal agitation of the molecules reduces the degree of 
orientation in the surface layer and so leads directly to an increase in the surface 
tension.'®? It is also conceivable that as a further result of this thermal agitation, 
other molecular species with higher surface tension are brought to the surface from 
the bulk of the melt.1®* In amplification of the second concept it is suggested that 
the degree of association of the molecular species brought from the bulk of the liquid 
to the surface decreases with temperature thus accounting for, or at least contribut- 
ing to, the increase in the surface tension.1”° Although a strict mathematical treat- 
ment of the separate contributions of these various factors to the observed increase 
in surface tension with temperature is not possible!”°, there is no conflict between 
the postulated mechanisms, and it appears safe to conclude that all the factors 
mentioned above are operative. 


Refractive Index 


The refractive index of a sample of quenched boric oxide glass was reported in 
1935 as np = 1-45771**, and in the following year as np = 1:458.18> However, results 
of determinations carried out at about the same time on a large number of samples 
were found to vary from 1°4502 to 1-4633, according to the treatment (particularly 
the thermal history) of the samples; the ‘best’ value obtained on a sample heated 
for 48 hr in a vacuum and allowed to cool to 25°C over a period of 13 hr was thought 
to be Np = 1°4582, the accompanying values for the specific refraction being r= 0-1506 
and for the molecular refraction, R= 10-49.22 Since about 1960 considerable interest 
has been shown in the effects of the water content and thermal history on the optical 
and other properties of vitreous boric oxide, and a number of observations have 
been published.?7: 6°: 18° Typically, whereas the refractive index of a sample con- 
taining 0-28°%% water is 1-4655+0-0005, a practically ‘waterless’ sample (20 p.p.m. 
H.O) was shown to have np =1-4585+0-0003.2” The effect of temperature is to 
decrease the value of the index 18’, and the effect of pressure is to increase it, as might 
be expected.®*® The refractive indices of the hexagonal or a-B,O3 are nz= 1-615 and 
ny = 1-648, and for the dense, B-variety of crystalline boric oxide the corresponding 
indices are 1:693 and 1-701 respectively.** 

Boric oxide is a component of many fluorescent, phosphorescent and luminescent 
systems (Mellor, V, 42). A phosphorescent glass is obtained when boric acid is 
ignited at 800°C with a mere trace of saccharose.'®* Some earlier attempts to eluci- 
date the mechanism of the action of boric oxide in such systems +®°-® have not been 
‘followed up, the papers published being largely confined to practical details of pre- 
paration and to descriptions of the properties of the various products. These con- 
tain, in addition to boric oxide, typically: zinc, cadmium or beryllium phosphates ?°°; 
zinc and cadmium oxides+*!; calcium or magnesium tungstates!9?; zinc oxide with 
manganese activator?®*, barium, strontium and magnesium phosphates19* and 
magnesium oxide and fluoride with titanium ammonium fluoride activator.?®° It is 
now accepted that the main function of boric oxide, like that of other rigid solvents, 
is to reduce the number of collisions between the molecules in the phosphorescent 
state and thereby to reduce the dissipation of energy to routes other than via the 
long-life or 8-phosphorescence.+°° 


Electrical Conductivity 


The electrical conductivity of boric oxide is very low. At 300°C, for instance, it is 
5x 10-14 mho cm~?.?9” On raising the temperature, and as the viscosity decreases, 
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there is a gradual increase in conductivity without discontinuities on transition from 
the glassy to the liquid state.+°° In the temperature range 600-1200°C straight, or 
nearly straight, lines are obtained on plotting the logarithm of specific conductivity 
versus the reciprocal of temperature.19® ®” The dependence of conductivity on tem- 
perature is given by the general equation: log k = A— B/T, where k = conductivity in 
mhos cm~? and A and B are constants.®* 199 Alternatively, k = A, exp {— E,,/RT}, 
where E,,= activation energy for conduction which equals 27°* or 26 kcal mole~+.® 
The last value is supported by a set of recent results which show that E, remains 
constant even when the conductivity values are affected appreciably by the degree 
of purity of the sample used.?°° Assuming that the purer the sample, the lower the 
conductivity, the ‘best’ approximate equation relating conductivity and temperature 
is probably: log x = 0-3 — 5900/T.137 However, the effect of residual water content on 
the conductivity of boric oxide has not yet been examined, so that for a completely 
water-free material the conductivity may be less than that given by the above equa- 
tion. 


Dielectric Constant 


The dielectric constant of boric oxide at ambient temperatures and at low fre- 
quencies is about 3-5.1°° It is hardly affected by the temperature until the oxide is 
heated above 400°C when a steep rise occurs. A few typical results illustrating the 
dependence of this constant on the temperature are listed in Table XI. 


Table XI.—Dielectric Constant of Boric Oxide\** 


Temperature, Dielectric constant 
oe 


10° cycles s~} 


10* cycles s~1 | 10° cycles s~? 


25 4-15 re 3°18 
240 3°42 a 3-16 
355 3°66 a 3°19 
410 5°54 — 3°28 
445 20:0 = 3°45 


The above data show that the dipole moment of boric oxide is about 3-5 debyes.14 
The dielectric loss (tan 6) of. vitreous boric oxide is small (<0-1) and, like the di- 
electric constant, fairly independent of temperature up to about 400°C at frequen- 
cies of the order of 10°-10" cycles s~11°*:2°; at 50 cycles s~+ there is a significant 
increase in the value with temperature, viz. from 3 x 10-4 at 200° to 4x 10-2 at 
350°C.*97, 29? Dielectric constant and dissipation data at low frequencies (1—50 
kc s~*) and temperatures of 500-800°C have been published.?°? 


STRUCTURE OF BORIC OXIDE 


Vitreous Boric Oxide 


Boric oxide of all oxides is the one in which the oxygen is bound most firmly?°°, 
and it displays the strongest tendency to form a glass.?°* The structure of the vitreous 
form of this compound has, therefore, been of immense interest to physicists, 
chemists and glass technologists. 

Like other glasses vitreous boric oxide is a supercooled liquid which shows little 
tendency to crystallize. When heated it softens to form a viscous liquid without show- 
ing a definite m.p. Fracture of the solid does not take place along a plane but along 
a curved surface and a characteristic conchoidal surface results. X-Ray examination 
shows that the atoms are linked by the same type of bond as in a crystal, the essen- 
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tial difference being that there is no order or symmetry in the arrangement of the 
groups or units present.2°* The idea of a ‘unit’, i.e. strict order within a very small 
group of atoms, it will be noted, is indispensable. In a boric oxide glass the BOs, 
or more precisely BO,.;, units are planar and linked to each other so as to form an 
irregular network as shown in Fig. 3. Evidence collected over the years supports some 


@ Boron atom 
© Oxygen atom 


Fic. 3.—Simplified pictorial presentation (two-dimensional analogy of a three-dimensional 
arrangement) of the glass structure of A2O3-type oxides 


Courtesy of the Journal of the American Chemical Society 


facets of the random network theory. In particular it was confirmed, on the basis of 
Fourier analysis data of X-ray patterns, that the boron atoms are 3-coordinated, 
i.e. the units are planar, the distance between each boron and oxygen atom being 
1-39 A and between two oxygen atoms 2-40 A.2°5-§ A more recent (1958) X-ray 
study yielded confirmation of triangular coordination, the interatomic distances 
being given as 1-37 and 2-37 A respectively.2°’ Further confirmation of the planar 
arrangement of atoms within the BO;., unit comes from nuclear magnetic resonance 
studies 2°8-® and from infra-red absorption spectra.?!° 

Publication of the simple network theory was followed in 1935 by a contradictory 
observation. In the Raman spectrum of vitreous boric oxide an intense line at 
810 cm?~ and weak lines at 1120 and 1257 cm™! were found.??! This observation 
was confirmed by another worker who gave a mean frequency difference of 806cm~? . 
for the strong Raman line and concluded that there must be a more structural ofder 
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in boric oxide glass than had previously been suspected.?1 The Raman line was 
observed subsequently by several workers and the ‘best’ figure for the frequency 
difference was found to be between the above two, i.e. 808 cm~1.213-14 

In 1952 it was suggested that neither the two-dimensional layer structure nor a 
three-dimensional network structure is compatible with some of the properties of 
boric oxide, and it was proposed that the vitreous form of the oxide at temperatures 
below 300°C is made up of B,Og units held together by weak forces of the van der 
Waals type. This structural unit was suggested to consist of a cage in the form of a 
tetrahedron with boron atoms at the corners and one oxygen atom between two 
boron atoms. Such a structure would be compatible with the relatively low m.p. 
of boric oxide and the considerable decrease in its coefficient of volumetric expansion 
at temperatures above 500°C when the structure would change into a ‘stronger’, 
i.e. coordinative type.215 The basic concept of the existence of such a structural unit 
was supported by data derived from infra-red and Raman spectra.?1®-22 Some 
authors extended the original claim to proposing that the cage molecule preserves 
its structure when the solid is heated above the softening point up to a temperature 
of: 1000°C.*7° 

In 1953 a layer graphite-like structure was claimed having BOg3 as the unit 
group 22%, but this idea was soon followed first by interatomic data which seemed to 
support the presence of BO3 tetrahedra as the fundamental units?2*, and thereby 
the view that both single and double layers of BOg3 groups are present.?2° Some of 
the conclusions, especially with reference to the reported B-B distance of 1-85 A, 
were shown to be invalid.?2°" 

Objections to the concept of B,zOg cage molecules were raised, originally mainly 
on the basis of viscosity data. The essence of the argument was that the energy of 
activation for viscous flow, i.e. 36°5 kcal (mole B,.O3)~? at 520°C, was too high to 
correspond to the breaking of the weak bonds of van der Waals type which were pre- 
sumed to hold the BzO, molecules together.®* 227-8 On the other hand, the relatively 
low enthalpy of fusion of boric oxide forbids the assumption of the breaking of 
boron-oxygen bonds on a large scale.1** It was proposed that the structural units 
compatible with the available viscosity data and with the B-O bond strength of 
about 100 kcal mole~? in liquid boric oxide are as shown: 


ee < 
B—O—B —= —O—B B—O— 


This equilibrium is of course affected by the temperature, and the energy change 
involved in the above rearrangement would be of the order found for the energy of 
activation for viscous flow.?29 As the temperature is raised the appearance of polar 
—B=—O groups is possible by rearrangements which need not involve ionic dissocia- 
tion ®*; the rapid increase in the dielectric constant on raising the temperature above 
about 400-500°C1®* is presumably a direct result of the appearance of the —B=O 
group. In defence of the B40, molecule unit it has been pointed out that four dative 
B — O bonds per cage molecule at 520°C and two such bonds at 1000°C would be 
in agreement with the energy of activation for viscous flow ?°°, but no final proof for 
the existence of the cage molecule structure is available. 

A few alternative proposals for the structure of boric oxide have been made, 
some of which can be rejected in the light of subsequent evidence but others appear 
to offer interesting possibilities. The suggestion that the glass consists of ByOj, 
units held together by hydrogen bonds, with one out of each nine boron atoms 
tetrahedrally coordinated 2%, can be dismissed on the ground that boric oxide can 
be dehydrated to the extent that there would not be enough hydrogen retained to 
allow the suggested size of a unit; also, since bonding of hydrogen to the SB—O— 
group is considerably stronger than in water, formation of hydrogen bridges in the 
presence of BOs; groups is unlikely.2°? The possible presence in vitreous boric oxide 
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of the tetrahedrally coordinated boron atom has also been extensively discussed.293-9 
Its presence would be in agreement with the low viscosity of boric oxide at high 
temperatures and its marked degree of compressibility. It was also suggested that a 
change from 3 to 4 coordination number might be induced by external forces, e.g. 
pressure. However, extensive evidence now accumulated all points to the virtual 
absence of tetrahedral coordination in vitreous boric oxide. Results to this effect 
have been obtained in examinations of infra-red spectra??° and in nuclear magnetic 
resonance studies 2°° 249-3 in some of which it was also shown that there is no change 
in the coordination number on application of high pressures.?*1~? 

Investigations into the structure of vitreous boric oxide have been rendered diffi- 
cult by the presence of residual water. In some infra-red studies 2°}: 29+ 24* the re- 
sults were thus affected, so that the conclusions drawn, e.g. concerning similarities 
between the vitreous and crystalline forms of boric oxide, were not always correct.?4*°-® 

Discussions of controversial opinions published in the technical literature have 
made a valuable contribution to the problem of the structure of boric oxide without, 
however, yielding a generally acceptable theory. However, if the remaining ideas 
and suggestions made on this subject are reviewed in chronological order, although 
they are mostly unrelated to each other, they appear to lead naturally to a theory 
which is in agreement with the facts known to date. In 1937, on the basis of an 
assumption that boric oxide melt is an associated liquid, the association number 
of B2O3 units was calculated to be 60 at 450°C and 18 at 1100°C from a formula 
involving specific heat, density and viscosity data.°* In 1953, on the basis of simi- 
larity in the Raman spectra, viz. the strong line at 808 cm~?, it was suggested that 
boric oxide has a boroxole ring structure.21? In 1955 the mechanical and electrical 
relaxation processes of boric oxide as an ‘amorphous polymer’ were studied along 
lines similar to those used for typical organic polymers.?*° Chain structures were 
proposed from 1954 onwards?°°-* and positive evidence of elastic properties of 
boric oxide similar to those of typical polymers was reported in 1960.7°4-> In 1961 
it was shown that the intensity of the Raman 808 cm~? line decreased rapidly as 
the temperature was raised from 450 to 800°C.?°° A suggestion that boric oxide is 
an associated molecular liquid with a relatively large flow unit was again made in 
1963.25" A model of the form: 


| 
O 


was suggested as fitting the Raman and infra-red data (with some reservations), 
and 


B—O—B 
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was proposed as the repeating unit in 1963.2°° The basis on which the above assump- 
tions were made was questioned.?°? Nevertheless the original idea has been further 
developed by suggesting that the units combine in one plane to give a layered 
structure and are held together by dative bonds.® 

A few of the indisputable, or at least fairly generally acceptable, facts listed as 
follows are of special significance?®°: 

(i) A planar triangular BO;.; group is the basic unit of boric oxide structure. 

(ii) The Raman spectra of boric oxide and boroxole ring are similar. 


(iii) The assumption of the presence of the 
os 
B—O—B 


group (though not necessarily as a basic unit) is very plausible. 


(iv) There are strong indications of a polymeric chain structure, the chains being 
fairly long at the m.p. but decreasing in length with rise in the temperature. 


(v) The value of the dielectric constant increases rapidly as the temperature is 
raised above the m.p. 


(vi) The intensity of the Raman 808 cm~? line decreases rapidly with increasing 
temperature above the m.p. 


In connection with point (ii) above it should be noted that the boroxole ring need 
not be strictly in one plane for condition (1) to apply. The structure could be: 


Oi/2 Oij/2 


where each shaded triangle represents one B group. 


Assuming a puckered ring structure to be possible, version (II) appears to be the 
more likely, and it can be shown that it is capable of giving rise to formation of 
chains through random joining of two neighbouring rings via, alternatively, two and 
one of the available three oxygen corners; occasional bonding of one ring to three 
other rings would give rise to branching of the chains. It is of interest to note that 
the joining of two model II rings through two oxygen atoms gives rise to a unit 
element of cubic symmetry because four boron atoms then lie in one plane; on com- 
pression and flattening of the rings the oxygen atoms would also be brought into 
the same plane to give the 
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Jeuacext 
° O 

| 
B—O—B 


unit found in crystalline boric oxide (vide infra). It is conceivable that in addition 
to the boroxole ring, the BO,.; unit as such may take part in the formation of chain 
structures by joining onto a boroxole ring to give 


O—B—O 
Certs’ Didte OS 
—B O B—O— 
yen ahs 
O—B—O 


The presence of what appears to be the less likely structural form of the boroxole 
ring, viz. according to model I above, would give rise to a BgOg cage made of a pair 
of boroxole rings. If, however, the structure is based on model II of the boroxole 
ring (which would lend itself to building up into open chains, branched chains and 
closed chain structures) it is easy to visualize the rupture of B—O bonds in any 
proportion of the whole, including that which satisfies the observed value of about 
36 kcal (mole B,O3)~+ as the energy of activation for viscous flow at about 500°C. 
It must be remembered that only the actual rupture of the B—O bonds (and not the 
breaking of B — O dative bond) can result in the formation of the polar —B—=O 
groups which are responsible for the rapid increase in the dielectric constant at, 
and above, the m.p. The last stages in the break-up of the boroxole ring network 
at high temperatures would be represented by: 
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The break-up of the network into 


O=B—O O—B=O 


as re 
B—O—B 


O=—B—O O—B=O 


units is probably far advanced at about 1400°C, above which temperature the 
structure tightens and a marked decrease in the expansion coefficient of the liquid 
is noted.?° The final break-up into the 


units is greatly facilitated by water, which explains the profound effect of water on 
the rate of volatilization of boric oxide. 


Crystalline Boric Oxide 


Largely owing to the difficulties associated with the preparation of crystalline 
varieties of boric oxide, their structure has received less attention. A possible struc- 
tural relationship between them and metaboric acid was hinted at in 1944262, but 
it was not until 1952-3 that the results of examination of the X-ray powder patterns 
of the a or hexagonal crystals were published.71’ 2®*-* The conclusions were that the 
unit cell is hexagonal and that the structure consists of two types of BO, tetrahedra 
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with three of the corners shared by two tetrahedra™!’2°° to yield a form of BO, 
spiral.2°* Doubts were expressed 2° concerning the validity of these conclusions 
which, in fact, are not in accord with more recent findings on the absence of tetra- 
hedrally coordinated boron in densified boric oxide. However, two observations 
made in the above study, viz. (a) the measured density of 2:44 indicates the presence 
of 3B2.03 groups per unit cell”? and (b) there seems to be a relation between the 
structures of crystalline boric oxide and cubic metaboric acid ?°*, appear significant 
in that 3B2O3 groups are equivalent to two boroxole rings which, when joined by 
two oxygen links as suggested earlier 2°°, have an element of cubic structure in them. 
No attempts have as yet been made to determine the structure of the dense mono- 
clinic, or 8, form of crystalline boric oxide obtainable on application of high tem- 
peratures and pressures.** 


Boric Oxide Vapour 


The study of boric oxide in the vapour phase also has been pursued. After B2O3 
was shown to be the predominant species (a) by mass spectrometric techniques 2°, 
(b) in effusion and flow vapour pressure studies1** and (c) from the result of a 
determination of its average molecular weight®*, the presence of two boron atoms 
in the molecule was confirmed in an infra-red emission study and a structural for- 
mula of a bipyramid (D3, model) was assigned to it.2°’ Objections to this configura- 
tion of the B2O3 molecule in the vapour phase were raised 2®8-° and much infra- 
red 19 268,270 and electron diffraction evidence?’!-* was produced in favour of the 
Coy symmetry which allows the presence of two double boron to oxygen bonds: 


O 
ew be 
B B 
7 \ 
O O 


There is general agreement on the bond lengths, viz. 1-36 A for the B—O bond and 
1-20 A for the B=O bond.?”° The B—O—B angle given originally as 95° on the 
basis of electron diffraction data?”1 was amended later to 120° on the basis of 
evidence obtained in an infra-red study by a ‘matrix isolation technique’ which 
allows the trapping and study of molecules at lower temperatures.?’° It remains 


Table XII.—Lengths and Strengths of Bonds in Boric Oxide 


Bond Length, A Strength, Reference 

kcal mole~? 
(kJ mole~*) 

B—O 1-39 oo 206 

1-35 — 215 

— 119 (498) 106 

a 100 (418) 229 

1-38 vA) 

37 207 

1-36 271 

1-36 270 

1-36 123 (514) 276 

— Aa eed PAE 

B=O — 278 

— 271 

_ 270 

200 (936) 276 

Ono O . —— 225 

(distance) 37 — 207 
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to be seen whether a recent opinion (1965) in favour of the D3, symmetry?" will 
modify the general confidence in the correctness of the V-shape interpretation of 
the structure of the gaseous molecule. 


To supplement the data on bond strengths and lengths quoted in the above dis- 
cussion, the results reported by various authors up to 1965 are summarized in Table 
XII. 

A formula relating the boron—oxygen bond energy to the length of the bond was 
proposed: 

log D = 3-5244—1-055r, 


where D is energy in kcal mole~! and r is the bond length in A. For the double 
B=O bond, which is 1-20 A long, the formula gives a bond energy of 181 kcal mole~1 
(755 kJ mole~+), whereas a value of 200 kcal mole~+ (936 kJ mole~*) was calculated 
from data available for the gaseous Bz,O3 molecule.?”° 

Reviews of the theories of structure of boric oxide were made by Warren et al. 
up to 19367°°, Weyl in 1948 182,283, Fajans and Barber in 1952215, Gmelin in 1954284, 
Kemp in 195678°, Mackenzie in 1956729, 196022” and 196228°, Krogh-Moe in 
1959286 and in 196678’, Pascal et al. in 1961 2°°, Young and Westerdahl in 1961 25°, 
Borelli and Goug-Jen Su in 1963 ?7°8, Nies and Campbell in 196428 and Rawson in 
1967.2°° The controversial issues involved in the structure of gaseous boric oxide 
were discussed in detail by Hanst et al. in 1965.274 

In concluding this chapter it may be mentioned that the green flame coloration 
observed with boron compounds is not due to the presence of Bz03 molecules as was 
sometimes thought (e.g.14*), but to BOz molecules.141: 279-282 


CHEMICAL PROPERTIES OF BORIC OXIDE 


Boric Oxide is amphoteric, i.e. capable of entering into compounds with bases, 
e.g. CaO+ B203 — Ca(BOg)2, and with acids, e.g. B2O03+P.,0; — 2BPO,. The 
acidic character is, however, predominant?°! and distinctly more pronounced than 
in aluminium oxide.?9? 


Reduction of Boric Oxide 


Since reduction of boric oxide entails rupture of the very strong boron—oxygen 
bond, it can be achieved only by using very active reducing agents. Thus, whereas 
the action of hydrogen gas at temperatures of about 830-1130°C on a mixture of 
boric oxide and boron gives boroxine, B303H3?9*-* and some hydroxyboroxine, 
B30,H37°°, boric oxide can be reduced to elemental boron by hydrogen in an elec- 
tric arc. The higher effectiveness of this reducing agent is attributed to the presence 
of Hz and H* ions.?°° Hydrogenation of boric oxide can be effected with the gas 
at 500-700°C in the presence of NaAICl,; the mixture of products contains diborane, 
BoHg.?°S If the reaction is carried out at 750 atm and above 150°C in the presence of 
aluminium chloride, a 40-50% yield of diborane can be obtained; in the presence 
of secondary or tertiary alkylamines the products are amine boranes, aminoboranes 
and borazines.?°” A reduction of boric oxide can be effected by heating it in vacuum 
at 800-900°C with lithium hydride?°® and a 60% yield of sodium borohydride, 
NaBHag, can be obtained by its reaction with sodium hydride at 330-350°C.299 A 
70% yield of sodium borohydride was claimed in a patent describing a reaction 
at 450°C between metallic sodium, boric oxide and hydrogen under 4 atm pres- 
sure in the presence of silica.°°° Boric oxide can also be reduced with calcium 
hydride at temperatures above 600°C; the reactions B203+ 3CaH, > 2B+3CaO+ 
3H2 and 6B+ CaHe — CaB,+ Hz are rapid at 1200°C, but in the presence of excess 
of B2O3 calcium hexaborate, CaO.3B2O3, is formed.*°4 The product of reduction 
of boric oxide with elemental boron obtained on heating the reactants at 1350°C 
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in a tantalum crucible under vacuum was said to be the suboxide BO which has 
density °°? about 1-765 g cm~°; but in another study no compound BO was found in 
the gaseous phase over a mixture of liquid boric oxide with solid boron kept at 
temperatures of the order of 1000—-1200°C; the most abundant of the suboxides 
present was B2O2.°°% The rate of reduction of boric oxide with carbon becomes 
appreciable at 950°C; active carbon reacts more readily than graphite whilst silica 
has an inhibiting effect on the reaction.°°* Below about 1280°C the main reaction 
is given by: Bz2Oa(1)+3C(s) + 3CO(g)+2B(s), and above about 1330°C gaseous 
B2Oz2 is found amongst the products according to the equation: B2O,(1)+C(s)= 
B202(g) + CO(g).2°>* Electrolytic reduction of boric oxide in the presence of car- 
bon may be used for the manufacture of elemental boron, the reaction being: 
2B203 + 3C + 4B + 3COz.°°"? Although reduction of mixtures of boric oxide with 
an oxide of Group IVA elements is a standard method of preparing borides, e.g. 
titanium diboride*°*, the products of reduction of mixtures of boric oxide and the 
oxides of metals of Group IIIB (Ga, In, Tl) and IVB (Ge, Sn, Pb) with carbon do 
not include borides.*°° Thin coatings of boric oxide on graphite, possibly reinforced 
by the solid products of reactions between the oxide and the carbon, suppress effec- 
tively the oxidation of graphite by atmospheric oxygen at high temperatures.?1°-1? 
A concise review and discussion of a number of reduction reactions of boric oxide 
with, inter alia, elemental carbon, boron and boron carbide, was published in 1965.18 
The action of hydrogen on a mixture of boric oxide with boron, carbon or boron 
carbide at 1000°C gives rise to formation of diborane and related hydrides.*14 Reduc- 
tion of boric oxide with elemental boron and lithium at temperatures from 1200 
to 1800°C and pressures from 50,000 to 75,000 atm has been shown to yield the sub- 
oxide B2,O.*1° Boric oxide is reduced *?® at elevated temperatures by alkali metals, 
alkali-earth metals and aluminium (Mellor, V, 44) to yield amorphous boron of 
varying purity. When aluminium powder is used the separation of the liquid from 
the solid products of reaction is facilitated by inclusion of up to 20% of copper or 
magnesium powder, the presence of either of which brings about a lowering of vis- 
cosity of the liquid phase.*?” Alternatively, the separation of the products of reac- 
tion by acid treatment is facilitated by the inclusion of calcium oxide with the 
reaction mixture.**® When the reduction of boric oxide is carried out in the presence 
of a fluoride, e.g. PbF.4, the product is boron trifluoride.*!° The most convenient 
and most frequently used metal for the reduction of boric oxide is magnesium.?2°-%° 
The chief reaction producing elemental boron is given by: Bz03+3Mg — 2B+ 
3MgoO. The contaminants include always boron suboxides and magnesium boride(s), 
and, when an excess of boric oxide is used, magnesium borate(s).°°° The product of 
reaction of boric oxide with manganese at 900°C is manganese boride which is 
ferromagnetic.°*! The capacity of metals and carbon to reduce boric oxide un- 
doubtedly plays an important part in the boriding of carbon steels.°?* Boric oxide 
does not react with the noble metals gold and platinum and their lattice spacings 
are scarcely altered on dispersion in boric oxide glass.°%° 

The surface of boric oxide is not markedly active in promoting the recombination 
of hydrogen atoms in contact with it, and there is relatively little enhancement of 
activity with rise of temperature.°** The presence of the oxide in contact with a mix- 
ture of hydrogen and oxygen gas has no significantly inhibitive effect on the rate of 
the explosive reaction between the two gases, there being no evidence for a chain 
breaking factor above 520°C.%%° It is, however, possible that, indirectly, boric oxide 
may affect the rate by interacting with water, itself a known inhibitor of the hydro- 
gen-oxygen reaction.®°° 

Oxygen gas at 1 atm pressure reacts with boric oxide at 1200°C according to the 
reaction: Bz03+402 — 2BOz. The product gives rise to colour bands at wave- 
lengths 5470 and 5200 A.%37-9 


Reaction with Water 


Boric oxide reacts readily with liquid water and water vapour to form boric acid 
at ambient temperatures: B203+3H20 — 2H3BO3. The reaction is accompanied 
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by liberation of a considerable amount of heat, i.e. about 18-3 kcal mole~+ (76-5 
kJ mole~+) crystalline B,O3.1°*:29° Attack by water on the dense monoclinic or 
B-B2O3 form is relatively slow.*? Above about 135-140°C the product of the action 
of water vapour on solid boric oxide is metaboric acid ?° 12° 340-2: BoO.(s) + 
H.O(g) — 2HBO,.(s). At 800—-1200°C the reaction: B2O3(1) + He20(g) ~ 2HBO.(g) 
is endothermic, 84:6 kcal mole~+ (353 kJ mole~!) B2O3 being absorbed; when both 
reactants are in the gaseous state 2:8 kcal mole~ + (11-7 kJ mole!) B2Og are liberated. 
A study of gaseous species in thermodynamic equilibria with borie oxide and water 
vapour at these temperatures showed the presence of the ions H,O+, HBO3, 
H3BO7 and (HBO,)7 ; at 1178°C the HBO? ion is by far the most abundant of the 
borate species with less than 1% of each of the remaining two.**? The solubility of 
water vapour in molten boric oxide decreases with increasing temperature; at a 
fixed temperature and pressure it is proportional to the square root of the partial 
pressure, and at 1000°C and 1 atm it amounts to 2 mole %. A proportion of the 
water vapour dissolving in boric oxide reacts with it to form hydroxyl ions.*42 A 
comprehensive review of the reactions of boric oxide with water vapour at high tem- 
peratures was published in 1963.7} 


Reactions with Halogens 


Boric oxide reacts readily with fluorine (Mellor, V, 43) to form the volatile boron 
trifluoride; the reaction can be utilized in the removal of residual fluorine from 
hydrocarbon oils processed in the presence of hydrofluoric acid.*4+ Complete dis- 
placement of oxygen from boric oxide with fluorine can be achieved by using bro- 
mine trifluoride.°*° The action of boron trifluoride on boric oxide at temperatures 
above 100°C gives rise to the formation of the trimeric boron oxyfluoride*4®®, 
according to: B2O3(s or 1) + BF3(g) — (BOF)s:(g). The reaction is endothermic with 
a requirement of 4:2°4" or 2:4 kcal mole~* (17-5 or 10-0 kJ mole~+) (BOF)3(g) 348 
when starting with the liquid boric oxide. At higher temperatures permitting an 
additional supply of about 131 kcal**’ the product is the monomer BOF, B,O;(1) + 
BF2(g) — 3BOF(g).°*7-° Hydrofluoric acid converts boric oxide into the fluoride 
BF3 (Mellor, V, 43); the action of 40° aqueous solution of the acid was found to 
yield BF3.2H2O, whereas dry hydrogen fluoride is believed to give HBF.(OH)>.24® 35° 
A study of the system HF-B.O3-(BF3)—H2O has been made.?5! 

Chlorine does not act on boric oxide at temperatures below about 900°C 252, but 
the presence of carbon facilitates the reaction: B,.03+3C+3Cl, > 3CO+2BCl; to 
such a degree (Mellor, V, 43) that it has become the basis of commercial methods of 
production of boron trichloride; a few variants in the technique have been the sub- 
jects of patents.°°°-° Chlorination commences at about 350°C but in practice tem- 
peratures of 850-900°C are used to speed up the process.*5° In analogy to boron 
trifluoride, the trichloride reacts with boric oxide to give the trimer (BOCI)3 at 
temperatures between 500 and 600°C; the monomer BOCI is formed at, and above, 
1000°C.*°7-°? In a nuclear magnetic resonance study of the BCl3;—B.O3 system using 
the **B isotope the details of the structural units could not be established with pre- 
cision, but the relative scarcity of end groups is interpreted as being an indication 
of extensive branching and ring formation in the system.°®2 Hydrogen chloride and 
hydrogen bromide are not significantly reactive towards boric oxide at ambient 
temperatures (Mellor, V, 43). Sulphur monochloride, S2Clz, was thought to have 
no action on boric oxide (Mellor, V, 44), but more recently it was shown that it 
quantitatively displaces oxygen from the oxide.°®* With thionyl chloride the reac- 
tion: B,03 + 3SOCl, — 2BCl; + 3SOz2 can be induced in a bomb at 150-300°C.34 

Reactions of boric oxide with halogen salts at high temperatures were explored 
with a view to obtaining methods for the production of boron halides. There is no 
doubt about the relatively free evolution of boron trifluoride from a mixture of 
boric oxide and calcium fluoride heated above 900°C °*%>, but the corresponding 
reaction between boric oxide and calcium chloride is considerably slower.*®* The 
claim that reactions take place between boric oxide and alkali-metal halides may be 
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justified in the case of fluorides, since a 54% yield of BF3 was obtained from a 
mixture of about 7:3 parts of boric oxide and about 2-7 parts of lithium fluoride 
heated to 800—-1000°C °°’, but the yields with chlorides are too low to be of practical 
interest.28° The conclusions of a recent study were that whereas boric oxide reacts 
with the chlorides of carbon, silicon, phosphorus and sulphur to yield boron tri- 
chloride, no detectable quantities of this product were obtained on heating boric 
oxide with the chlorides of sodium, calcium, mercury, zinc, iron and arsenic or with 
hydrogen, ammonium, methyl, phosphoryl and sulphony1 chlorides or phosgene.?® 
As might be expected, a reaction between boric oxide and a halide salt can often 
be facilitated by the presence of sulphuric acid, e.g. < 


(i) 2B.03 ri 2NasAlFe + 9H.SO, — 4BFs3 + 6NaHSO, =f Al2(SO.)3 ot 6H2,O 
(ii) Bz03+ 3CaF.+ 3SO3 — 2BF3 + 3CaSO,4 


A comprehensive review of reactions of boric oxide with fluorides in the presence of 
acids can be found in a work on boron trifluoride published in 1949,.%6° Reactions 
between boric oxide and halides can sometimes be induced by simultaneous applica- 
tion of heat and pressure, e.g. a 7:°5°% yield of boron trichloride was obtained by 
heating 3 parts of boric oxide with 11 parts of aluminium chloride in a steel bomb 
for 16 hr at 350°C.°°° Records of observations of reactions of boric oxide with 
aluminium halides in the vapour phase are found in recent papers.?’°-? If boric 
oxide is heated with an aluminium halide in an atmosphere of hydrogen at high 
pressures (e.g. 750 atm) the products are boron hydrides.°7? Nitrogen trifluoride 
reacts with boric oxide in a nickel tube at 615°C to yield a mixture of products?"*: 


B,O3 + 3NF; — 2BF3+3NOF 
B.O3 + 6NOF —> 2BF; + 3NO + 3NO, 
BF; + NOF —> NO*(BF,)-~ 


Boric Oxide—Halogen Salt Equilibria 


Considerable attention has been given to the structural and chemical relationships 
in melts of boric oxide with halogen salts. In the course of a study of the ternary 
systems NaF—-KF-B.0O3 and KF—-KCI-B.O3 glassy phases were observed in the 
binary systems NaF-B203, KF-B,O; and KCI-B203 when the proportion of the 
halide did not exceed 55, 50 and 20 mole °%% respectively.2”° The capacity of boric 
oxide for dissolving relatively large proportions of fluorides is important in the 
preparation of special glasses.*”° When in 1948 the results of X-ray studies on 
alkali halide—boric oxide glasses were claimed to indicate the presence of ‘crystal- 
lites’ of undissociated halide salts*’’, an attempt was made to explain the observa- 
tions by suggesting that the ‘crystallites’ appeared only when the alkali halide was 
present in excess of that which is soluble in boric oxide.°”® The explanation is prob- 
ably valid if by ‘crystallites’ literally small crystals of alkali halides are meant; but 
if there is X-ray evidence showing that, although the bonds between the atoms in a 
molecule of metal halide in boric oxide glass may be weakened "9, the essential 
features of its crystalline structure persist at concentrations as low as, for 
instance, 3:5°% NaCl*®°, then such evidence cannot be dismissed without further 
study. The subject deserves more attention and, if pursued, may add to knowledge 
of the structure of boric oxide itself. It has been suggested that whereas boric oxide 
may ionize in molten cryolite®®? and in sodium fluoride *®?, there is no ionization 
in the cryolite-sodium fluoride eutectic®®* or in sodium chloride.*** In a recent study 
of the system LiF—BaF2—B,O03 the compounds LiF.B2O3, 3BaF2.B203, 2BaFe.3B203 
and BaF.2.4B.03 were claimed to have been found.?®° 


Reactions with Sulphur and Sulphur Trioxide 


Gaseous sulphur at about 1000°C does not, and indeed cannot, react with boric 
oxide.28° 387 There has been disagreement as to whether boric oxide reacts with 
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sulphur trioxide (Mellor, V, 44). That boric oxide stabilizes liquid sulphur trioxide 
is claimed in the patents covering such use.?®°-°! Following a study of absorption 
of labelled sulphur trioxide in a boric oxide-glass melt, slight and only superficial 
fixation of the trioxide was reported °°?, but more recently the existence of B203.2SO3 
as the only compound in the Bz,O3-SO3 system was claimed. This compound was 
prepared by heating boric oxide with excess of sulphur trioxide in a sealed tube to 
temperatures above 150°C for 12 hr; at lower temperatures only solid solutions of 
the two components were obtained.°°* The results of cryoscopic and conductivity 
studies of solutions of boric oxide in sulphuric acid indicated that the reaction: 
B,0;3 + 9H.2SO,4 > 2B(HSO,); +3H30* +HSOz occurred. With oleum formation 
of a strong acid, H[B(HSO,),4] that can be titrated with potassium bisulphate to give 
K[B(HSO.)4] was reported.?°* In disulphuric acid the complex formed is 
H[B(HS207).4].99° In the system Na2S—B2O3 glass formation was found to occur 
within the range 64:0-78-1°% boric oxide and the existence of the compounds 
Na2S.2B.03, Na2S.3B203 and Na2S.4B203 in analogy with sodium borates has 
been suggested as likely.2°° Boric oxide reacts with the S2~ ion in molten sodium 
fluoride to give the BOz and BOS~ ions.%°? Boric oxide was observed to increase 
the strength of anhydrous calcium sulphate binder (‘anhydrite’), but the mechanism 
of reactions involved has not been studied.?9” 


Reaction with Ammonia 


Ammonia reacts with heated boric oxide to form boron nitride*®* (Mellor, V, 
44); a reaction temperature of about 900°C is recommended in a process for the 
production of boron nitride on the commercial scale.*°? Hexagonal boron nitride 
can also be obtained from the reaction of boric oxide with sodium amide: B,O3+ 
3NaNH.2 — 2BN+NH3+3Na0OH; the reaction can be carried out at 210°C or at 
lower temperatures (e.g. 165°C) in the presence of a large excess of sodium hy- 
droxide.*°° 

The solubility of boric oxide in nitric acid is governed by the amount of water 
present and is highest, viz. 259%, in 91°% HNOsg decreasing to 6% in 100% HNO3.*° 


Reactions with Silica 


Reactions of boric oxide with silica have been given considerable attention, the 
interest springing mainly from the uses of the two oxides together in glass, ceramics 
and vitreous enamels. It is, however, particularly difficult to study this system. 
Mixtures of the oxides in the molten state are very viscous so that long heating times 
are required for the establishment of equilibria, and if the heating is carried out in 
vessels open to the atmosphere absorption of water and loss of the boric oxide 
through volatilization tend to affect the accuracy of the results. Attempts at pro- 
ducing phase diagrams and establishing the liquidus curve were made with varying 
and often conflicting results. Early this century silica was thought to be insoluble 
in boric oxide and the formation of insoluble compounds of various B2O3:SiO, 
ratios was proposed. However, there was no confirmation of immiscibility in studies 
carried out between about 1927 and 1938.58 492-4 In 1953 it was claimed that boric 
oxide does not mix completely on a micro-dimensional scale with silica since aggre- 
gates 16-20 A in diameter persist at temperatures as high as 1650°C.*°> The exis- 
tence of compounds in the system was again suggested more recently on the basis 
of observations of breaks in the curves of various physical properties of boric 
oxide-silica glasses*°°-’, though breaks in property-composition curves are not 
necessarily a proof of compound formation.*°® A comprehensive review of earlier 
theories was published in 19654°° as well as conclusions given from the results of a 
study carried out on mixtures heated in sealed platinum capsules and examined 
under xylene to prevent hydration. The conclusions were that there is no evidence 
for either liquid immiscibility or compound formation in the system, but the prob- 
lem is by no means finally settled and the search for more information on this 
interesting topic may be expected to continue. 
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The results of practical determinations of the relative rates of reactions between 
various oxides and silica at elevated temperatures showed boric oxide to react more 
slowly than the alkali metal oxides and lead monoxide, but faster than alkaline-earth 
metal oxides and the oxides of zinc, titanium, aluminium and zirconium.*/°-!} In 
reactions of boric oxide with solid silica the rate of reaction is governed by the 
activation energy of diffusion of boric oxide.*!? The dissolution of quartz in molten 
boric oxide was quoted as an example of dissolution in viscous systems in which 
both diffusion and free convection control the rate of dissolution.*1? Boric oxide 
reacts in the gaseous phase with silicon monoxide to give fibres containing silicon 
crystals.*** Boric oxide has a profound effect on the polymorphic changes occurring 
during heat treatments of dicalcium silicate, 2CaO.SiO.*!5-2° and tricalcium sili- 
cate*?1-3, but the mechanism of its action is not clear; some of the proposed reac- 
tions**® 422 appear to be unlikely. Examinations of considerably higher precision 
than those hitherto undertaken are required to elucidate the mode of action of the 
oxide on the setting of cements. 


Reaction with Phosphorus Pentoxide 


Phosphorus pentoxide is very soluble in boric oxide at 1200°C. From the melts 
of the two oxides the chemically stable boron phosphate, BPO.,, crystallizes on 
cooling.*°* Boron phosphate also appears to be a primary phase over a considerable 
area of the triangle Bz0;-BPO,—SiOz in the three-component system, i.e. it can 
be crystallized from melts containing silica and/or excess of boric oxide.*24 


Reactions with Metal Oxides 


Liquid boric oxide is remarkably reactive towards metal oxides +25 and its power- 
ful solvent action on them has been the basis of its many applications in metal- 
lurgical processes. Following the results of observations reported by earlier workers 
(Mellor, V, 41) systematic re-examination of solubility data was carried out in 1938 4° 
with the following conclusions: 


1. All alkali metal oxides (LizgO, NazO, K20, Rb2O, Cs2O) as well as cuprous and 
thallous oxides are soluble in all proportions in boric oxide at 1200°C. On cooling, 
crystalline borates, glasses, or mixtures of both are obtained, rapid cooling and 
high boric oxide content favouring glass formation. The solubility of silver oxide, 
Ag2O, is limited in that at concentrations above 61% by weight of the melt 
metallic silver separates out. At temperatures below about 1000°C, melts with 
cuprous oxide absorb oxygen from the atmosphere and the cupric oxide formed 
causes separation of the melt into two liquid layers. In the absence of air the 
cuprous oxide in the melt disproportionates on slow cooling into cupric oxide 
and elemental copper. 


2. Alkali-earth metal oxides (MgO, CaO, SrO, BaO), zinc and cadmium oxides, 
manganous oxide and oxides of iron(II), cobalt(II) and nickel(II) on dissolving 
in boric oxide cause separation of the liquid into two layers; an upper layer con- 
tains small proportions of the metal oxide (e.g. 0°63°% by weight of MgO, in- 
creasing with molecular weight to 7:35°% by weight for BaO) and a lower layer 
with a large proportion (e.g. 34-2% for MgO and 30-4°% for BaO) of the metal 
oxide in solution. The relationship between molecular weight and solubility is 
well illustrated by the fact that whereas the solubility of the lightest of oxides of 
Group II metals, viz. beryllium oxide, is limited to 0-:199% by weight, there being no 
separation of the liquid into two layers, plumbous oxide is soluble in all propor- 
tions in boric oxide at 1200°C. Up to about 5% by weight of mercuric oxide can 
be dissolved in boric oxide at 600—650°C, but at higher temperatures mercuric 
oxide decomposes. Mercurous oxide at similar temperatures and in the absence 
of air disproportionates into mercuric oxide and mercury metal before going 
into solution as the higher oxide. On dissolving ferrous oxide in boric oxide 
at 1200°C part of the metal oxide disproportionates, in the absence of air, into 
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ferric oxide and metallic iron with precipitation of the latter in the lower layer. 
Cupric oxide, however, is reduced quantitatively to cuprous oxide in boric oxide 
at temperatures above 900—1000°C. 

3. The solubilities of alumina and chromic oxide in boric oxide at 1200°C are 1:05 
and 1-72% by weight respectively. Ferric oxide, even in presence of atmospheric 
oxygen, is partially reduced so that a boric oxide melt at 1200°C contains 5-38°% 
by weight of Fe.O3 and 0-75°% by weight of FeO. The rare-earth oxides, lantha- 
num oxide (La2O3) and cerium oxide (Ce2Os3), give rise to two-layer formation 
with small proportions (about 1:5 and 3-0°%% respectively) of the oxides dissolved 
in the upper layer and large proportions (about 60% by weight) in the lower 
layer. The arsenic group oxides (As203,Sb203 and BizO3) dissolve in boric oxide 
at 1200°C in all proportions. . 

4. The solubilities of dioxides of titanium, zirconium, molybdenum, tin, tungsten 
and thorium in boric oxide at 1200°C decrease in the order TiO.>ZrO.> 
MoOz > SnOz > WO2z> ThOsg, i.e. with diminishing acidity, from about 5% to 
about 0:5°% by weight of melt. Cerium dioxide in excess of boric oxide at 1200°C 
loses oxygen rapidly and dissolves as Ce2QOsz. 

5. Typical of the M20, oxides, vanadium pentoxide is soluble in all proportions 
in boric oxide at 1200°C. 

6. The solubility of uranium oxide (U3QOg) in boric oxide at 1200°C is 3:2% by weight 
of the melt. The oxide precipitates from the solution on cooling. 

7. Oxides of the MOgz type are very soluble in boric oxide. Molybdenum trioxide 
is soluble in all proportions at 1200°C and tungsten trioxide is soluble to about 
71% by weight of melt. The solubility of tungsten trioxide as a function of tem- 
perature gives a curve of a shape typical for solutions of salts in aqueous solvents. 
Similar curves are also obtained with other partially soluble metal oxides.*°* 42° 


It should be mentioned that the solubility data quoted above for the upper layers, 
in cases of partially soluble oxides which give rise to the formation of two immis- 
cible layers, may be unreliable in that it appears doubtful whether sharp distinction 
between the layers is possible. Results of more recent work?2" indicate that the 
upper layer, at least in some immiscible systems, consists of pure boric oxide since 
the surface tension is that of boric oxide. Furthermore, it has been proposed that 
the tendency to immiscibility is also exhibited even by the alkali-metal oxide—boric 
oxide melts, and the size of the ‘immiscibility gap’ (range of concentrations of the 
solute within which the surface layer consists of pure boric oxide) for the partially 
miscible oxides is governed not by the molecular weight of the metal oxide but by 
the ionic potential, i.e. charge to radius ratio, of the metal; the trend is shown in 
Table XIII. 


Table XIII.—Immiscibility in Metal Oxide-Boric Oxide Systems at 900°C 
and Ionic Potential of Metals*?" 


Metal Ionic potential,* 
z/r 


‘Immiscibility gap’, 
mole % metal oxide 


K 0-75 0 
Na 1-02 0 
Li 1-28 0 
Ba 1-40 16 
Pb 1-51 19 
Sr EoT zi 
Ca 1-89 27 
Zn 2°41 49 


2°56 


* Charge to radius ratio: z= valence; r=ionic radius 


t Range of concentrations within which a surface 
layer of pure boric oxide is formed. 
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The reactions and the strong solvent action of boric oxide towards metallic oxides 
are best interpreted in terms of its acidity 2°! 42° in the sense that it is a strong Lewis 
acid #29 48° with a marked capacity for forming a bond by accepting one pair of 
electrons: 


| 
O 


O 
BOs 2e —> :B:O— 
O O 


The acceptance of one pair of electrons is tantamount to a change from triangular 
to tetrahedral bond configuration as illustrated by the examples of sodium penta- 
borate and borax: 


O 
yi ae 
B 
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O O 
BP Fah 
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O O O 
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Anhydrous sodium pentaborate 


2°5B203+0°:5Na20 = 


Q- 


| 
2B,03+ NazO = | —O—B—O—B—O—] 2Na+ 


Anhydrous borax 


Recent studies of reactions of boric oxide include those with the oxides of vana- 
dium *#*, zinc*%?, zirconium+*** and thorium‘***, but most of the effort has been 
directed towards elucidation of the mechanisms of reactions with iron oxides and 
the oxides on surfaces of high temperature alloys. Boric oxide in close contact with 
ferric oxide slows down the rate of reduction of the latter by hydrogen**® and it 
has been reported as accelerating the rate of oxidation of reduced iron catalysts at 
temperatures from 150 to 600°C.*%° At temperatures in the range 850-1000°C an 
addition reaction between the boric and ferric oxides yields ferric borate. This is 
readily reduced to ferrous borate by carbon but below 1000°C the reduction does not 
proceed further so that significant amounts of boron, boron carbide or iron boride are 
not produced.*%” The low surface tension of molten boric oxide promotes ready wet- 
ting of metal surfaces and, provided that a sufficient proportion of the oxide is 
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added to form and maintain a continuous coating, the surfaces are effectively pro- 
tected against oxidation during heat treatments.*%*-42 If however iron, cobalt or 
nickel-base alloys are subjected for prolonged periods (e.g. 100 hr) to frequent 
cycling comprising alternate immersion in molten boric oxide at temperatures of 
about 1100°C and exposure to the atmosphere, the oxidation of the alloys is markedly 
accelerated.*43-> This might be expected bearing in mind the likely combined effects 
of its solvent action and increasing volatility above 1100°C. These effects have been 
summarily ascribed to ‘corrosion of metals and alloys by boric oxide’, whereas the 
proportion of damage done through direct reaction resulting in formation of, for 
instance, borides**® must be minor and secondary to that brought about by the 
oxidation process. Direct reaction, such as there is, has been shown to be enhanced 
by the presence of carbon, aluminium, titanium and manganese in the alloys **% 445 
whereas the presence of silicon is beneficial.*** Although the resistance to oxidation 
of metals completely immersed in or having surfaces completely covered by boric 
oxide is better than that of the same metals in air, partially immersed metals or 
partially covered surfaces, as in containers holding molten boric oxide, are open to 
attack at the liquid/air interface. Also, a rapid reaction over the whole surface area 
of contact can be expected if a container like a crucible is made of an oxide. Thus 
magnesia and zirconia crucibles are destroyed within 15 min of contact with boric 
oxide at 1250°C; alumina crucibles are, however, not rapidly attacked at this tem- 
perature.**°® 

A very useful collection of phase diagrams of systems comprising boric oxide and 
one, two or three metal oxides appeared in 195644” and a complementary set was 
added in 1959.**® The latest and most comprehensive collection of such data was 
published in 1964.**° This includes (apart from a tentative plot of pressure/tempera- 
ture relationships for the « and f crystalline forms of boric oxide): 17 diagrams of 
two-component systems (i.e. BzO3 with Al,O3, BaO, BizgO3, CaO, CdO, CoO, 
Cs20, H20, K20, Laz2O3, LizO, MgO, MnO, Na2O, PbO, ThOz and ZnO); 19 dia- 
grams of three-component systems (i.e. B2O3 with Al,O3-LizgO, Al,O3—-SiOz, 
BaO-SiOz, CaO-SiO2z, CdO-ZnO, H2O-K.0, H2O-Li,0, H2z0—-Na20, K20—Na,O, 
K2,0-P20s, Liz,O-P.Os, Li,O-SiOzg, NaF-—Na.O, Na2,O-SiOg, P,O5-SiOg, PbO-SiOz, 
PbO-TiOz and SiO,-ZnO); 5 diagrams of four-component systems (i.e. B2O3 with 
Al,03—-LizgO-SiOz, BaO-PbO-TiOz, CaO—Naz2O-SiOz, CrOs-K20—Na2O and K,O- 
LizgO-WO3); and 1 diagram of a six-component system (Bz203;-Alz03-H20—MgO- 
NazO-SiOz2). All these diagrams are provided with references to original papers. 
More recent studies were reported in the literature on the systems comprising B2.O3 
with CaO-P,0;*°°, NazO-SiO2**1, Sc2O34°?, SrO 453, PbO 45*: 455, Na,O-PbO 45° and 
BaF2-Na2F2.*°’ X-Ray and diffraction examination has also been made of thin 
films of Fes0,—B203 mixtures deposited from the vapour phase.*5® 

Boric oxide displaces carbon dioxide from sodium carbonate when mixtures of 
the two are heated above 350°C. In the presence of sufficient carbonate at tempera- 
tures above 700°C the compound 3Naz,0.B203 was claimed to be formed*®’, but 
such a compound has never been isolated and its existence in the solid state remains 
doubtful. At high pressures considerable amounts of carbon dioxide can be dissolved 
in molten boric oxide, e.g. the solubility of the gas at 2 kbar in boric oxide at 750°C 
is approx. 7 mole %%, which is more than the solubility of nitrogen (approx. 4-5 
mole %%) or argon (approx. 6 mole %) under similar conditions.*®° 

Molten boric oxide is a convenient solvent and medium for carrying out metal 
ion reduction and displacement reactions*?® but only a few of the possible applica- 
tions have been examined. The reduction of cupric oxide with active carbon can be 
effected at 600°C; the dioxides of titanium and uranium are not so readily reduced 
and there is no evidence of reaction at 1000°C.*®! The growing of crystals of gar- 
nets and refractory oxides from boric oxide and systems based on it is being given 
a rapidly increasing amount of attention.*®? Subjects studied recently include prepara- 
tion of crystals of: barium and lead titanates from solutions of PbO, BaO and TiO, 
in B2,03*%*; calcium zirconate, CaZrO3, from melts including 4-24 mole % of 
B20; *°* 48°; monocrystals of germanium oxide from B20; and from B,O3-KCl 
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melts*®®; ferrites of the formula (MgO, MnO),Fe2O3 from boric oxide melt*®” ; yttrium 
ferrite, Y3FesOi2, mixed yttrium/lanthanum ferrite and rare earth garnets of the 
general formula M3FesO,;2 or Mz3AI15;Oi2 from solutions in Bz,0;—-PbO mixed sol- 
vent *#°8-7: yttrium iron garnet from B203—BaO solvent#"!; gallium iron oxide from 
B20;-BizO3 melts*’? and garnets of the general formula M3;MsQOj2, where M is 
yttrium or rare earth element and M’ is Fe, Al or Ga, from boric oxide—lead fluoride 
solutions.*”? Needle-shaped or fibre crystals of titania, zirconia and zircon can be 
obtained from boric oxide*"* or boric oxide—alkali metal oxide*7®> media. Mixtures 
of lead and bismuth fluorides with small amounts of boric oxide are suitable for 
preparing crystals of hafnia, titania, thoria, ceria, yttrium chromate and alumina; 
the volatility of the fluoride component of the solvent at temperatures of the order 
of 1300°C is of assistance in these preparations.*”® 

A separate chapter on the chemistry of boric oxide might be devoted to its use in 
electrochemical reactions, but since the object of studies carried out in this context 
was the preparation of elemental boron or of a metal boride the reader is referred 
to accounts in Sections Cl and C2. It will suffice here to summarize the salient 
features of these reactions. The conclusions of the work of one pioneer *77-®! in this 
field were that when a solution of metal oxide MO in a molten bath consisting of a 
mixture of boric oxide and a metal fluoride MF, at 1000—1200°C is electrolyzed then 
elemental boron, elemental metal M and a boride of the metal in varying propor- 
tions, depending on the conditions, are deposited at the cathode. With alkali metals 
low yields of impure boron are obtained, with alkali-earth (except magnesium) and 
rare-earth metals the product consists largely of a boride of the metal; in the case 
of magnesium a bath of the composition 2B,.03 + MgO + MgF. yields a high propor- 
tion of elemental boron.*”” In addition to borides of alkali-earth and rare-earth metals, 
the borides of thorium, zirconium, chromium, manganese, titanium, vanadium, tanta- 
lum, tungsten, molybdenum, iron and nickel were identified as products of the 
electrolysis of the appropriate salt baths.*”°-®° Improvements and variations in the 
electrolytic processes for the production of boron were elaborated and mostly 
patented.*®?-°° The most notable advancement was made by substituting a mixture 
of potassium chloride and potassium fluoride for the mixture of MgO and MgF. 
in the original Andrieux process *®* #8°-” to yield boron of 94 to 97:5°% purity. An 
alternative process claimed to yield similarly high-purity products is based on the 
electrolysis of mixtures of boric oxide with potassium fluoroborate +4®* 488-99 or with 
potassium fluoroborate, potassium chloride and potassium hydrogen fluoride.*®4 


Reviews of the inorganic chemistry of boric oxide, or at least of some aspects of 
it, were published in 1922 (Mellor, V, 41), 1948182283, 1949369, 1954284 1956285. 
1961 28°, 19637 and 1964.789 

The field of organoboron chemistry is very extensive and essentially outside the 
scope of this Section, but a number of important reactions of boric oxide with alco- 
hols, Grignard reagents and other compounds are dealt with under the heading of 
‘Esters of Boric Acid’, Section A17. 
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SECTION A5 
BORON SUBOXIDES 


BY D. NICHOLLS 


The following suboxides of boron have been reported: B7O, B,;302, BsO, BO, 
B20, BsOz, BzO2, (BO), B4Os5. Since each of these compounds might reasonably 
be called boron suboxide, this name is not appropriate for any one of the oxides 
and it will be necessary to refer to them by formula only in most cases. 


THE OXIDES B-,O, B,;02 AND B,O 


Evidence for the existence of the first two of these oxides is conflicting and it 
may be that only one of the three exists. The suboxide B;O was first reported by 
Weintraub’ and by Kroll? over 50 years ago. These workers considered it to be 
present in the boron obtained by reducing boric oxide with magnesium, potassium 
or sodium. This oxide was often subsequently referred to as ‘Moissan’s boron’ 
since he prepared his so-called amorphous boron by the magnesium reduction of 
boric oxide. Later Kahlenberg*® claimed that B7O is not a compound but a mechan- 
ical mixture of boron and a suboxide of formula B3O. Chemical analysis of a sam- 
ple prepared by Pasternak* gave a composition Bg.gO and crystallographic evidence 
indicated it to be the compound B,O, which is orthorhombic. More recently® it has 
been suggested that the oxygen impurity in amorphous boron is present not as a 
boron suboxide but as MgBg Qo. 

One of the difficulties in establishing the formula of this oxide is the elemental 
analysis; often only boron has been determined and the residue assumed to be 
oxygen. This is particularly unsatisfactory, because not only is magnesium probably 
present as, e.g. MgBe, but also because of the low atomic weight of boron compared 
with that of oxygen. La Placa and Post® re-examined the crystallographic data 
reported by Pasternak* for B7;O and concluded that the data can be indexed more 
satisfactorily on the basis of a rhombohedral cell with hexagonal cell constants, 
a=5-37 and c=12-31 A. The appropriate formula of the suboxide is Bi302 which 
requires a calculated density of 2:80 compared to the experimental value for Bg.gO 
of 2:64 gcm~°*. A model of the structure of interstitial boron compounds such as 
BaC, Bi3C2, BigP2 and B,2S has been presented” in an attempt to explain the forma- 
tion of compounds such as B,30O2. Attempts to grow single crystals of B,;3O2 were 
unsuccessful.® A recent paper describes the preparation of B;O by heating boron and 
zinc oxide at 1200-1550°C for four hours.°* The product had an average Vickers 
hardness of 3820 kg/mm? (100 g load). 

The oxide BgO has been observed after the oxidation of boron in air and oxygen 
at above 1100°C and also as a product in the reaction of boron or silicon with boric 
oxide.*’ °° When a molecular mixture of boric oxide and boron corresponding to 
the formula BgO is heated at 1500°C in helium under a pressure of 2 atm, the pro- 
duct contains BgO and a small amount of unreacted boron. The major reaction for 
the formation of BgO under these conditions is thus considered to be: 


‘sB(s) + 4B20.(1) > BeO(s) 


Chemical analyses of BO prepared from boric oxide and boron at various tempera- 
tures indicate no significant changes in composition; thus the solubilities of boron 
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and oxygen in the suboxide must be low. Chemical analyses of BgO prepared from 
boric oxide-silicon mixtures indicate either some solubility of silicon or the presence 
of SiBg. 

The physical and chemical properties of BgO have not been fully established. The 
X-ray powder photograph has been recorded® °°? ©° and the density measured. For pow- 
dered samples, the density did not exceed 2-62 and the highest density found for 
hot-pressed BgO was 2:588 g cm~ ?. The hardness of BgO is stated to be greater than 
that of boron carbide and titanium diboride. Above 1760°C, BgO decomposes into 
crystalline boron and (presumably) oxygen. It is not attacked by hydrofluoric, 
hydrochloric or dilute nitric acid; it is oxidized when boiled with concentrated 
nitric acid, its oxidation resistance being slightly better than that of boron. 


THE OXIDE B,O 


The existence of this oxide is doubtful. It is reported® to be one component of 
‘“Moissan’s boron’ and is described as a brown powder not attacked by sulphuric 
acid or potassium hydroxide solutions but oxidized completely by nitric acid. Acid 
or alkaline potassium permanganate is reduced by B30, which becomes oxidized 
to boric oxide. 


THE OXIDE B.O 


This oxide, which may be described electronically as an unsymmetrical analogue 
of graphite, has been synthesized using high temperatures and pressures. It may be 
prepared?? by reducing boric oxide with boron or lithium, or alternatively by 
oxidizing boron with potassium chlorate. A convenient synthesis involves grinding 
boron and boric oxide together in the reaction ratio according to the equation: 


4B+ B203 — 3B2.0 


and then subjecting this mixture to 50,000—75,000 atm at 1200-1800°C. Pressures 
of about 120,000 atm have been used in unsuccessful attempts to synthesize a dia- 
mond-like form of B.O. | 

The oxide B2O. is a light reddish-brown powder of density 2:24+0-04 gcm~°. 
X-Ray powder photographs indicate it to have hexagonal crystal symmetry with 
unit cell dimensions, a=7-98 and c=9-09 A. These facts suggest a layer-lattice 
structure related to that of graphite. 


THE OXIDE B,0O; 


Very little is known about this oxide. It is left as a white residue on evaporating 
a solution of the acid H;.B.O¢, (obtained from the hydrolysis of magnesium boride, 
MgsBz2) in vacuo. On addition of water it dissolves and forms a solution of the 
acid H2B,0g. The action of heat on the ammonium salt of this acid regenerates 
B,O;?°: 


(NH,)2B10¢ a B,O; ae H,O Se 2NH3 


BORON MONOXIDE, (BO), 


The monoxide is the most commonly occurring and widely studied of the boron 
suboxides. It was originally identified spectrographically by Mulliken?*-?® in mix- 
tures of oxygen and boron trichloride under high temperature or electrical dis- 
charge conditions. The molecule BO is isoelectronic with NZ, CN and CO* and 
has the electronic configuration (o1s)?(o*1s)?(o2s)?(0*2s)?(72p)*(o2p)'. The spectra 
of the molecule have been listed and reviewed by Herzberg.?” The detailed spectrum 
of boron monoxide has also been discussed by several authors?®-?® and recently 
by Nicholls.?°% °° 
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This molecule, however, is not as important in chemical reactions as the dimer 
B2O2. Two distinct routes to boron monoxide lead to two different solid modifica- 
tions. These routes are (i) high temperature production of B2Oz2 gas, and (ii) de- 
hydration of tetrahydroxydiboron, B2(OH).. 


High-temperature Routes to Boron Monoxide 


OXIDATION OF BORON 


The high-temperature form of boron monoxide was discovered in 1940 in a study 
of the reactions of boron with alumina and zirconium dioxide.?! When boron reacts 
with alumina at 1300°C in vacuo, volatile suboxides of both boron and aluminium 
are evolved. With zirconium dioxide, ZrOz, at 1800°C, however, only the boron is 
volatilized; by condensing the vapour, a bright brown transparent and amorphous 
sublimate is obtained with empirical formula BO. It is now known that boron mon- 
oxide vapour is present over many mixtures containing boron and a metal oxide 
at high temperatures. Thus magnesium oxide is reduced by boron at about 1100°C.®? 


2B+2Mg0O — B2,02+ 2Mg 


and beryllium oxide is similarly reduced at about 1600°C.%* Strontium oxide forms 
SrBg when heated with boron: 


2SrO+ 14B > 2SrBe = B.O2 


The boron monoxide may be contaminated with strontium at 1500—-1700°C, where 
boride formation is slow.** 

A convenient laboratory preparation of boron monoxide involves the reduction 
of boric oxide with boron at temperatures as low as 1050°C.*%° The carefully dried 
reaction mixture is heated in a tantalum crucible at a pressure of 10~-* mm Hg and 
the evolved monoxide vapour condensed on a water-cooled cold finger. The most 
favourable ratio of boron to oxygen in the reaction mixture is between 3:1 and 
4:1: 

2B + 2B203 oe 3B202 


If temperatures much above 1350°C are used in this reaction, however, volatilized 
boric oxide begins to contaminate the product. Metal borates are similarly reduced 
by elemental boron.*® The reactions of titanium and zirconium dioxides with boron 
and boron carbide are also suitable for the laboratory preparation of the mon- 
oxide.°’-® The reactions begin at around 1000°C or lower, but temperatures in 
excess of 1050°C are more suitable for rapid sublimation of the monoxide at pres- 
sures of 10-°-10-* mm Hg. When the system has cooled down, the cold finger is 
removed under a stream of dry nitrogen and the amber glassy sublimate carefully 
scraped off (it is sometimes pyrophoric in air). In these reactions, the metal diborides 
are formed, the reaction stoicheiometries being, e.g. with titanium dioxide: 


TiO, = 4B —> TiB. fe B.O2 


It is now apparent that B2O2(g) is sufficiently stable to be formed when any 
involatile oxide is heated with boron in vacuo. The monomer, BO, is probably 
present in greater concentrations in the higher temperature reactions, e.g. BeO+ B, 
and the reactions of zirconium or hafnium diboride with their dioxides have been 
suggested °? as possible routes to the monomer. 


REDUCTION OF BORIC OXIDE 


As an alternative to the oxidation of elemental boron by metal oxides, boron 
monoxide can be prepared by reduction of boric oxide. Thermodynamic studies °° 
on the carbon—boric oxide system led to the conclusion that the reaction: 


B.O3 + a —- B.O2 + CO 
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should lead to production of the monoxide above 1330°C. Indeed, operating at 
10-° mm Hg the reduction of boric oxide by carbon proceeds slowly to give boron 
monoxide at 1150°C.*°-! Higher yields of the monoxide are obtainable from this 
reaction at higher temperatures, but at 1550°C boron carbide is formed. In the 
presence of excess of boric oxide, however, boron carbide is also oxidized to the 
suboxide. Fairly pure boron monoxide is obtained in good yields by heating a 1:1 
mixture of B,C and B.O3 at 1250°C: 


BaC + SB203 — > 7B2O02 + CO 


Boric oxide is also reduced to the monoxide by titanium, titanium carbide and 
titanium diboride.*°+ When titanium reacts with boric oxide at 1220°C, boron 
monoxide can be collected as a sublimate; the residue contains TiBz and a-Ti,O;: 


3Ti a B20; —> TiBe 3 a-Ti,O; 


With excess of boric oxide and above. 1200°C, the diboride reacts further according 
to: 


2TiBs + 7B203 be TieO3 = 9B2O2 


thus accounting for the monoxide sublimate. The reaction of boric oxide with 
titanium carbide begins at about 1200°C and a fairly pure sample of boron monoxide 
can be collected using a temperature of 1400°C and a TiC: B20; ratio of 1:2. 

Despite the many high temperature routes described above, the boron monoxide 
sublimates obtained are nearly always impure.*°"! The boron analyses are usually 
lower than expected for the empirical formula BO. When starting with boric oxide, 
B.O3, the sublimates are nearly always contaminated to some extent with this 
material. In order to minimize such contamination, the starting materials must be 
absolutely anhydrous (the volatility of B,O3 is greatly increased in the presence of 
water vapour) and the reactions must be carried out below 1200°C at 10~3-10~4 
mm Hg. Under these conditions the more volatile BzO2 gas can be collected but 
the reactions tend to be slow and only small yields (about 0:5 g per run on the 
laboratory scale) can be collected. The reduction of metal oxides by boron might 
be expected to yield a boric oxide-free sublimate, but the analytical data for the 
products of these reactions are not significantly superior. The problem is largely 
one of apparatus design and experimental skill; induction heating of the reaction 
mixture is preferable to resistance heating since it uses a smaller hot zone and the 
sublimates are less liable to damage (disproportionation) by radiant heat. The best 
method would thus appear to be the reaction of pure boron with a metal oxide, e.g. 
TiOz, the mixture being inductively heated in vacuo at 1600°C and the sublimate 
collected on.a cold finger at room temperature. 


Low-temperature Routes to Boron Monoxide 


HYDROLYSIS OF METAL BORIDES 


The hydrolysis of magnesium boride provides a variety of sub-boric acids.1? The 
acids H.B202 and H,B2O2 are oxidized by iodine in aqueous solution to boron 
monoxide (which is then present as tetrahydroxydiboron, B2(OH),4). The am- 
monium salt of H,B2O2, which is formulated as (NH.)2B2(OH)2, also yields the 
monoxide as a brown residue when heated in vacuo?3: 


(NH,)2B2(OH)2 2 B.O2 sis 2He ot 2NH3 
The hydrolysis of the Be-B bond in BesB also produces*? boron monoxide 
directly: 
2Be;B + 22H2O — B202+ 10Be(OH)2+ 12H. 


FROM TETRAHYDROXYDIBORON 


B2(OH), begins to evolve water at about 90° in vacuo and after several hours at 
220° it is quantitatively converted to the monoxide*?: 
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B(OH). > B.O2 a 2H.O 


Initially, tetrahydroxydiboron had to be obtained by hydrolysis of diboron tetra- 
chloride, BzCl4, so that this route to the monoxide involved the difficult prepara- 
tion of BeCl,. A synthesis of boron monoxide from boron trichloride has now 
been devised.** By reaction with dimethylamine, boron trichloride is converted into 
chlorobis(dimethylamine)borane (1); which is then reduced by sodium to give a 
B-B bonded species: 


2(Me2N)2BCl+ 2Na —> Bo(NMep)s + 2NaCl 
(D (II) 


The tetrakis(dimethylamino)diboron (II) can be readily hydrolyzed to B(OH), 
from which boron monoxide is obtained. 


Physical Properties and Structure 


The physical properties of gaseous boron monoxide obtained from B-—B.O3 
mixtures have been studied in some detail. In the temperature range 1300—1500°K, 
mass spectrometric and effusion studies*® show that a mixture of boron and boric 
oxide vaporizes very largely as the molecule B20, with a very low concentration 
of BO gas. This is confirmed by vapour pressure and molecular weight measure- 
ments *° on the gas in which the presence of BO could not be detected. The vapour 
pressure of BzO2 gas over a B~B2O3 mixture varies from 5:3 x 10~® atm at 1300°K 
to 5-3x 10°~° atm at 1500°K *°; other workers*® find vapour pressures 6-8 times 
larger than these. Thus Scheer*® found that the vapour pressure of a gas escaping 
from a B(s)—B2O3;(1) mixture in the range 1294—-1457°K is given by: 


72,400 
4:575T 


log P (atm) = 6:609 — 


In order to explain these differences it has been suggested that the equilibration 
between the condensed phases [B(s), B2O3(1) with possibly (BO),] and B.Oz is not 
readily achieved in the effusion experiments. The heats of vaporization calculated 
from the vapour-pressure data are probably therefore in considerable error. From 
the available spectroscopic data however, values of the thermodynamic functions 
for both (BO)(g) and Bz2O2(g) have been compiled*” and selected values are given 
in Tables I and II. The thermodynamic functions for B2O2(g) were calculated assum- 


Table I.—Thermodynamic Properties of BO(g) 


T (°K) $ H3—H¢ ; 
(cal mole~*+ deg~+) | (kcal mole~+) | (cal mole~+! deg~+) 

298:15 6:978 2:075 48-607 
500 7-230 3-504 52-261 
1000 8-109 133) 57-564 
1100 8-226 8-172 58-343 
1200 8-325 9-000 59-063 
1300 8-409 9-836 59-733 
1400 8-481 10-681 60-358 
1500 8-542 11-532 60-946 
1600 8-596 12-389 61-499 
1700 8-642 13-251 62-021 
1800 8-682 14-117 62:516 
1900 8-718 14-987 62-987 
2000 8-750 15-861 63°435 
2500 8-867 20-267 65-401 
3000 8-943 24-721 67-025 
4000 9-043 33-718 69-612 
9-113 42:798 71-638 
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Table II1.—Thermodynamic Properties of B2O2(g) 


° ° Cc Ss 


(cal mole =a deg~ +) (kéal mole- 1) (cal mole- +ideg7+) 


14-418 3°194 59-423 
16-290 6°313 OT’ 342 
18-719 15-148 T9522 
18-999 17-034 81-320 
19:233 18-946 82-983 
19-429 20°880 84-531 
19-594 22°831 85-977 
19-734 24:798 $1333 
19-853 260°777 88-611 
19-955 28-768 89-818 
20-043 30-768 90-961 
20:120 32-776 92:047 
20-186 34-792 93-080 
20:°417 44-948 97-612 
20-549 Do°192 101-347 
20°684 75:818 107-280 
20-749 96°538 111-903 


ing a linear O—B—B=-O structure and using the fundamental frequencies esti- 
mated by Inghram et al.*° The heat and free energy of formation of (BO)(g) have also 
been compiled *®; Table III shows representative values. From a study of the MgO-B 


Table Il1I.—Heat and Free Energy of Formation of BO(g) 


° 


H 
(kcal mole~1) | (kcal mole~+) 


—5:5 (+6:0) — 12:0 (+6-0) 
+55 — 14-5 
: — 28-0 
— 30:0 
a2) 
— 34:5 
86°35 
= 3875 
— 41:0 
— 45-0 
— 49-0 


reaction °?, the heat of formation of B2O.(g) at 298°K is found to be — 107+ 4 kcal, 
in good agreement with other work.*® From this value, the B—B bond energy in 
B.Oz is estimated*® to be 120 kcal mole~+. The bond dissociation energies®° (into 
gaseous atoms at 0°K) are for BO(g) 189-5 kcal mole~? and for B.O2(g), 500°5 +10 
kcal mole~?. 

The infra-red spectrum of B,O2(g) has been measured by both emission®® and 
absorption.®*~? Only one band at 1890 cm~? is observed in the emission spectrum; 
it arises from a B=O stretching mode and is slightly higher than the fundamental 
of the BO molecule in its ground electronic state. The B2O2 molecule is isoelectronic 
with cyanogen, C2Ne, and the most likely structure is a linear one (D.~,, symmetry). 
The infra-red absorption spectrum has similarly been interpreted in terms of the 
linear structure. The spectra of matrix isolated 44B2O2, 11B!°BO. and ?°B2O.2 show 
bands only at 1899 cm~+, 1921 cm~?! and 1955 cm~?, which are due to the anti- 
symmetric stretching mode in B2QOxg. 

The physical properties of the two forms of solid boron monoxide have not been 
examined in any detail. The high-temperature condensate is a brittle, amber, glassy 
material amorphous to X-rays?°; the infra-red spectrum®? shows only very broad 
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bands. It is not soluble in any solvent with which it does not react chemically and 
the indications are that the high-temperature condensate consists of polymeric BO, 
(BO),. The density of (BO), determined by flotation®® is 1-765+0-001 gcm~°. 
Although the structure of neither solid form has been determined, the chemical 
evidence indicates them to have a B-B bond for each pair of boron atoms. Possible 
structures for these polymers include one with linear chains of six-membered 
B,O, rings (I)** (a three-dimensional structure composed of these rings is also 
possible) **; but perhaps the most preferred structure ** is one built up of six-mem- 
bered boroxol rings (II). 


ye 
O 
| | 
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Chemical Properties 


The reactions of B2O2 gas have not been studied in the absence of a condensed 
phase. The two solid forms of boron monoxide differ markedly in their chemical 
properties. 


HIGH-TEMPERATURE CONDENSATE 


The brown glassy material produced by condensation from high temperatures is 
more reactive than the white form derived from tetrahydroxydiboron. It is often 
pyrophoric when exposed to the air for the first time and particularly so when 
scratched, boric oxide being formed. Samples which are not pyrophoric are other- 
wise fairly stable to oxidation in dry air; in moist air boric acid is formed slowly.?® 
In water, effervescence occurs and hydrogen, containing traces of boranes, is evolved. 
By using gas chromatography these boranes have been shown to be mainly tetra- 
and penta-borane in a 5:1 molecular ratio.°* The resulting aqueous solutions con- 
tain some boric acid and show the strong reducing properties of tetrahydroxydi- 
boron, i.e. they decolorize aqueous permanganate and reduce silver salts to the 
metal.?® It is apparent, therefore, that when the high-temperature form dissolves, 
some oxidation of a B—B-bonded species occurs. Under conditions chosen to cause 
fission of B—B bonds, e.g. when boiled with sodium hydroxide solution in the absence 
of air, over 90°%% of the hydrogen according to: 


20H~ + B204- — 2BO3- + He 


is evolved.?® 

Alcohols react similarly with (BO),, the rate of reaction decreasing with increas- 
ing molecular weight of the alcohol.?° With methanol the major reactions occur- 
ring are believed to be: 


B20, +4MeOH — B2(OMe), 2H2O 
B2,02 + 6MeOH -—> 2B(OMe)3 + 2H20+ He 


There is no reaction with or solubility in concentrated sulphuric acid, thionyl 
chloride, acetyl chloride, glacial acetic acid, pyridine, acetone, benzene or diethyl 
ether.°° | 

When heated in vacuo, the amber glassy (BO), undergoes blackening at tempera- 
tures above 400°C. Differential thermal analysis on a finely ground sample in a 
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nitrogen atmosphere showed. *? an exothermic peak at 439°C, due to the dispropor- 
tionation: 


3B202 — 2B + 2B203 


Digestion of the product with water enables boric oxide to be leached away and 
impure boron remains.°” This disproportionation thus provides a route®® to ele- 
mental boron by carbon reduction of boric oxide (a reaction used industrially for 
the preparation of boron carbide) according to the scheme: 


1100°C 


C+ B203 ———> B202(g)+ CO 
Quench to room 
temperature 
450° 


3B + 7B20; <—— (BO), 


Thermogravimetric analysis®” of a sample of (BO), in air showed no weight change 
up to 900°C despite disproportionation; the elemental boron is apparently pre- 
vented from oxidation by the melt of boric oxide. 

Solid (BO), does not react when heated with calcium hydride, cobalt(III) fluoride 
or antimony trifluoride at temperatures up to 600°C, nor with hydrogen chloride 
at 400°C. When heated in hydrogen, however, above 1100°C, the volatile boroxine 
is formed.*® This can be trapped out at — 196°C and when warmed to room tem- 
perature it evolves diborane: 

1100°C - 196°C 


3B202 + 3H2 ———> 2B303H3(g) ———> 2B303Ha(s) 


25°C 


BeHe + 2B203 


Since the (BO), disproportionates before it reaches red heat, this reaction is the 
hydrogenation of an intimate mixture of boron and boric oxide, which in turn means 
that it is probably the reaction of hydrogen with gaseous boron monoxide which 
is evolved®> by B-B2O3 mixtures above 1050°C. Indeed boroxine, B3;03H3, and 
hence diborane, B2He, can be prepared*® by passing hydrogen over a B2O,—C 
mixture (or any other mixture producing B2.O.(g)*°, e.g. BaC and TiOz, B20; and 
CaC2, B2O3 and Mg3Be) at above 1100°C. This represents an economical route 
to diborane. If any carbon is present in the reaction mixture, the carbon monoxide 
formed reacts with the boroxine to form borane carbonyl, which can be decomposed 
to diborane. 


LOW-TEMPERATURE FORM 


The boron monoxide formed by dehydration of B.(OH). is a white solid which 
rapidly absorbs water vapour from the air to reform sub-boric acid. Unlike the high- 
temperature form, it dissolves in water without evolution of hydrogen and boranes. 
It is soluble in hot methanol, ethanol, isopropanol and fert-butanol without any 
apparent cleavage of the B-B bond; all the solutions reduce silver nitrate to the 
metal. It is insoluble in methyl borate (in which boric oxide is soluble) and dimethyl- 
amine at the boiling point. 

The white boron monoxide remains unchanged when heated to 500°C in vacuo. 
At 650°C, however, its colour changes to light brown.*? This brown material resem- 
bles the high-temperature form of (BO), in being brittle and much less soluble in 
water and methanol than the original white form; the solution still decolorizes 
permanganate, however. Samples of white (BO), from B2(OH),4 having the com- 
position BO,0-1H2O undergo a rapid and spontaneous change when briefly heated 
to 400°C, the compound glowing with incandescence. The light brown solid result- 
ing has the same properties as that prepared by heating anhydrous (BO),. 
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The most important reactions of the white (BO), are those in which it is con- 
verted into other B—B bonded species. When it reacts with boron trichloride at 
200°C, diboron tetrachloride is formed *?: 


°(BO), + 4BCls > 3B2Cl, + 2B.05 


This reaction provides a particularly useful synthesis since diboron tetrachloride 
can otherwise only be prepared by electrical discharge methods. Diboron tetra- 
fluoride, which otherwise can only be prepared from diboron tetrachloride, is con- 
veniently made from boron monoxide. The monoxide is allowed to react with sul- 
phur tetrafluoride at — 80°C; the mixture is then warmed to room temperature 
and BeF, obtained ®’ by fractionation of the products: 


2(BO), + 2nSF4 a NBoF4a a 2nSOF2z 
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SECTION A6 
PROPERTIES AND REACTIONS OF BORIC ACID 


BY R. W. SPRAGUE 


There are two principal forms of boric acid: orthoboric acid, HzBO3, and metaboric 
acid, HBOg. Each is a hydrate of boric oxide, Bz03, and both are white solids which 
have moderate solubility in water and dissolve to form the same weakly acid solution. 
Orthoboric acid is the more stable and the form more commonly encountered, world- 
wide production now being in excess of 200,000 tons annually. Formerly known also 
as ‘boracic acid’, a name which still finds limited use in pharmacy, boric acid and 
orthoboric acid are synonymous. Metaboric acid, of which there are in fact three 
crystallographic forms, is much less frequently encountered and when required for 
chemical reaction it is usually formed by partial dehydration of orthoboric acid in situ, 
as in the largest current use of boric acid, the air oxidation of hydrocarbons. Sub-boric 
acid, B2(OH)., and ‘hypoboric’ acid, known only as its salts, are not met outside the 
laboratory; they are reviewed in Sections A8 and B14, respectively. 

Preparation and industrial production of the boric acids are described in the follow- 
ing Section (A7). Much of the pure physical chemistry is described here, and some 
reference is made to aqueous phase systems with inorganic salts. Complexing reactions 
and complexes formed by interaction between the B—OH groups of the acid and the 
hydroxyl groups of organic compounds are dealt with in Section A18, where inorganic 
heteropolyacids containing boron are also described (although these are reviewed more 
specifically in Section A13). Esters of boric acid are dealt with in Section A17. Boric 
acid also forms salts with most metals and these salts, the borates, are fully described 
in Sections A9 and A12. Such salts (and also the heteropolyacids) are almost invariably 
hydrated when made from boric acid itself; the anhydrous forms are obtained either by 
subsequent dehydration on heating, often to fusion, or by melting pre-formed boric 
oxide with metal oxide (or similar). 

It is common practice in inorganic boron-oxygen chemistry, in industry and in 
mineralogy, to employ ratio formulae of a type which indicates the B.O3 units. By this 
mode of formulation, orthoboric acid may be written as B203,3H2O and metaboric 
acid as B203,H2O. Similarly, the common form of the principal sodium salt, borax, is 
frequently referred to as NazO,2B203,10H2O instead of Na2B.O,7,10H.O. This is not 
meant to imply that B2O3 occurs as a B2Os structural unit, but it would be equally 
erroneous and misleading to infer the presence of a B,O?~ anion. Neither should the 
free acid be regarded as dissociating in solution into BO$~ anions, but more properly 
as B(OH); .. The actual form which borate ions take in aqueous solution has been the 
subject of considerable polemic, and is discussed at some length below. 


FORMS OF BORIC ACIDS 


Discussion of the physical properties and reactions of the boric acids is most appro- 
priately started by consideration of the phase relations in the system boric oxide—water, 
which establish the solid compounds to be considered. The system has been defined by 
the classic work of Kracek, Morey and Merwin,! who found six stable solid phases in 
the system, H20, H3BO3, HBO.(I), HBO2(II), HBO.(III) and BOs, as shown in Fig. 1. 
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The stability region for ice is tiny and extends only to the cryohydric point (—0-76°Q), 
after which the region for orthoboric acid, H3BO3, rises smoothly to a metastable 
melting point at 170-9°C, then descends to metastable eutectics with HBO.(II) and 
finally with HBO.(III). All three modifications of metaboric acid show relatively flat 
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maxima at the composition corresponding to HBOz, followed by eutectics with B.Os. 
The invariant points in the system are summarized in Table I. 

When boric acid is heated at atmospheric pressure above 100°C, it loses water and is 
converted into metaboric acid, HBOz. When the process is carried out below 130°C, 
the first product is flaky crystals of HBO.(III). Upon further heating, the HBO.(IID 
is converted into coarsely crystalline HBO.(II). If the temperature is kept below 150°C, 
the dehydration stops at this point, unless the temperature is maintained for long 
periods. If the system is heated above 150°C, dehydration continues, yielding a viscous 
liquid frequently containing some cyrstals of HBO.(I). If HBO (I) crystals are present, 
they can serve as seed for the crystallization of B2O3; neither of the other crystal modi- 
fications of metaboric acid seems to be effective for this purpose. If the coarsely 
crystalline HBO.(II) is melted in a sealed tube, HBO-(I) can be slowly crystallized from 
the melt over a period of weeks. HBO.(I) is slow to dissolve again, and may be purified 
by leaching soluble substances off the crystals with water or methyl alcohol.? 

Other workers?” have made observations on one or more of the isomeric forms of 
metaboric acid, using various designations for the isomers. Equivalent designations for 
the various forms of metaboric acid are: 


HBO.(1)—y-HBOz (cubic); 
HBO,.(I1)—$-HBOz (monoclinic) ; 
HBO,.(II1)—a-HBOz, (orthorhombic). 


It appears that Stackelberg et al.* produced HBO.(II), and reported a melting point of 
203°C. Thiel and Siebeneck* also worked with HBO.(ID), while Lescoeur® prepared 
HBO,.(III). Tazaki®® first prepared HBO.(III) and converted it into HBO.(ID) at 
160°C; he also concluded® that HBO,.(III) can be converted to a ‘skeletal’ form of 
boric acid which then converts into the glassy form obtained from HBO,(II). Methods 
of preparing and identifying these three crystalline forms have been described by 
West.*!° 

Orthoboric acid and metaboric acid can be regarded as hydrates of boric oxide: 
H3BO3 = B203,3H20 and HBO.=B203,H2O. Various workers have considered the 
possible occurrence of other hydrates of boric oxide and have concluded that there is 
little evidence to substantiate their existence. Menzel? 1%9 14° and Banerjee® 1” followed 
the change in X-ray diffraction during the thermal decomposition of orthoboric acid, 
and found no evidence for other hydrates. Carpeni and Haladjian!! have claimed the 
formation of non-stoichiometric phases during the dehydration of orthoboric acid at 
low (<4 mm Hg) pressures. The formation of these phases is influenced by humidity, 
heating rate and particle size. There was no evidence for them during dehydration at 
pressures greater than 4 mm Hg. 

Infra-red absorption and X-ray scattering studies of high water-content boric oxide 
glasses (H20/B203 ratios from 0 to 0-63) indicate that although the network structures 
of the high-water glasses are somewhat looser than those of low-water glasses, the 
trigonal coordination of boron, as in boric oxide glass, is maintained.12-1* Nuclear 
magnetic resonance studies!®:!® covering BzO;s-H2O compositions from BO; to 
B203,3H20 confirm the presence of planar triangular BO 3 units over the whole range; 
however, there was also evidence that the presence of water produced a small per- 
centage of tetrahedral BO, units in the wet glasses, as well as in HBO,.(III). Hardness 
and Young’s modulus were not substantially affected by the addition of water.14 

Forms of boric acid existing in the gas phase have been studied by a number of 
workers. Stackelberg et al.? observed the sublimation of orthoboric acid itself and 
estimated its heat of formation. Others have studied the species formed in the system 
B20;—H20 by mass spectrometry'® and transpiration methods.'% 28 They concluded 
that the only species present in significant amounts in the vapour phase are H;BOs, 
HBOs, (HBOz)3, BzO3 and H2O. Other H—B-—O species are known, but have been 
shown to contain boron—hydrogen bonds (most commonly they are formed by partial 
oxidation of boron hydrides); they are discussed elsewhere in connection with boron 
hydrides (see Part B). 
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Fic. 2.—The structure of one layer of orthoboric acid?+ 


Distances 

Co 
B,-O,; 1:365A By-Oy, 1:365A 
B-O;; 1:356A B,,-O, 1:353 A 
BO; 1°365 A By-Oy; 1 359 A 
O.-0;; 2:351 A O,,-O, 2:339 A 
O.-03; 2:359 A 00;; 2:360 A 
O;::-O; 2:366 A Oe 2:362 A 
O.-H; 0:83 A O.,-Hiy 0:83 A 
On-Hi 0:96 A O,-H, 0:80 A 
Ow —Hii 0:90 A O,,-Hy: 0-96 A 
O,-H;:--O, 2:727A O,.-Hiv: «On 2:722 A 
Ow-Hu: + «Ow 2:716A O,-H,::-O, 2:734A 
On-Ai* Oy 2-715A O,.-Hy;* +O; 2:707 A 

Bond Angles B-O (A O-H---O 
O; 112-9° Ow 
Oi 1 16:1 4 Oy, 
Oi 1 13°-4° Ovi 
Mean values 

B-O 1:361 A B-O A O-H---O]| 113-9° 
O-H::-O 2:720 A B-O A O---H-O | 126:1° 
O-H 0:88 A 
O---H 1:84 A 


Table II.—Interatomic Distances and Bond Angles in Orthoboric Acid?* 
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STRUCTURES OF BORIC ACIDS 
Orthoboric Acid 


The structure of crystalline orthoboric acid has been determined and refined by 
Zachariasen?” *1 using X-ray diffraction. It is composed of discrete B(OH); molecules, 
linked together by hydrogen bonds to form infinite layers (not perfectly planar) of 
nearly hexagonal symmetry. The layers are randomly displaced with respect to each 
other, giving the crystals triclinic symmetry, and indicating that only Van der Waals 
forces bind the layers together, which explains the easy cleavage of the crystals into 
flakes. The structure of a portion of one layer is shown in Fig. 2, and the interatomic 
distances and angles are summarized in Table II. The triclinic unit cell, space group P,, 
contains 4 molecules of B(OH)3, and has the dimensions a=7:039, b=7-053 and 
c= 6-578 A with «=92-58°, B=101-17° and y=119-83°; layers within the cell are 
3-181 A apart.2! Tazaki?®® studied twinned crystals of boric acid and laws governing 
their formation. 

In his first paper,2° Zachariasen did not locate the hydrogen atoms, but he did so 
in the second paper,”? establishing their unsymmetrical position. Other workers have 
used different techniques to study the hydrogen bonds in crystalline boric acid. Elec- 
tron diffraction?2~* and the initial interpretation of proton nuclear magnetic resonance 
spectra?® indicate that the hydrogen atoms do not lie on a straight line between the 
oxygen atoms, but are displaced slightly towards the hydrogen atom of the parallel 
hydrogen bond.?2 However, a neutron diffraction study of D}?BO32”" indicates an 
essentially straight bond in the deuterated acid. Further interpretation and confirma- 
tion of the proton nuclear magnetic resonance data show that the results are compatible 
with a linear O-H-O bond.?° 


Metaboric Acid (IID) 


The structure of HBO (III), the orthorhombic form, has been investigated by X-ray 
diffraction.?°: °° The earlier work of Tazaki?° defined the major features of the structure, 
which was further refined by Peters and Milberg.®° It consists of hexagonal Bz03;(OH)3 


Fic. 3.—Geometry of the B.03(OH)3 molecule in HBO,(III)°*° 
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units, linked by hydrogen bonds to form a layered structure; the layers are loosely held 
together as in orthoboric acid, with a separation of 3-07 A. The unit cell, orthorhombic, 
space-group Pbnm(D2§), contains 12 molecules. Unit cell dimensions are (at 25°C) 
a=8-046, b=9-688, c=6-261 A. Figure 3°° illustrates the geometry of the basic 
B3;03(OH)s molecule, and Fig. 4°° shows the structure of a portion of one layer of 


Fic. 4.—Structure of a layer of orthorhombic HBO,. Fourier contours drawn at 2:0e.A~- 
intervals, initial contour: 2:0 e.A~* °° 


HBO.(III). The average B—O distance in the B303(OH) 3 unit is 1-364 A, and the 
average O—H distance is 0-87 A. There are three distinct O—H---O distances of 
2-680, 2-478 and 2-827 A; bond angles are B-O(H)---O of 120-2°, 119-0° and 114-6°, 
and B-O- - -(H)O of 123-7°, 127-:0° and 119-9°. 


Metaboric Acid (ID 


The structure of HBO.(ID), the monoclinic form, has been investigated by X-ray 
diffraction.*? 9% It is monoclinic, space-group P2,/a’ with 12 molecules per unit cell. 
Unit cell dimensions are a=7-122, b=8-842, c=6-771 A, B=93-26°. The structure 
contains both trigonal and tetrahedral boron atoms, and is the simplest structure with 
a bond between boron and a water oxygen; i.e. the tetrahedral boron atom is bonded 
to a water oxygen to form the fourth bond. The structure is illustrated in Fig. 5. The 
BO; triangles and BO, tetrahedra share corners so as to produce endless zigzag chains 
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Fic. 5.—Shows a part of the B-HBO, structure projected on the (201) plane. The numbers in 
parentheses give the heights (in A) of the atoms above or below the plane 2x+z=1. The 
lengths of various bonds are indicated in the figure except for the bond of length 1-553 A 
between the superimposed atoms Bj; and O,;. 

The large open circles represent oxygen atoms belonging to the endless chains which are 
associated with the plane 2x+z=1, while the shaded large circles denote oxygen atoms 
belonging to chains of the adjacent plane 2x + z=0*? 


of [Bs0.(OH)(OH2)].. The chains are arranged in layers 3-075 A apart, with the tetra- 
hedral apices extending alternately up and down. Chains in the same layer are held 
together by the hydrogen bonds O,-H;: - - -O,,, while the hydrogen bonds O,;—H;: - - -O, 
and O,;-Hi;: ---Oy link the chains of alternate layers. The interatomic distances in 
the structure are summarized in Table III. The configuration of oxygen is triangular 
about B, and By, and tetrahedral about B,;. O, and O,; are each bonded to two boron 
atoms. O,; is an oxygen of a water molecule, while O, is in a hydroxyl group. 


Metaboric Acid (1) 


The structure of HBO.(I), the cubic modification, has also been investigated by X-ray 
diffraction.** The crystal is cubic, space-group P43m, with 24 molecules per unit cell. 
The unit cell dimension is a=8-886 A. All boron atoms in this structure are tetra- 
hedrally bonded to four oxygens, producing a three-dimensional network of boron 
tetrahedra. The resulting boron—oxygen configuration is analogous to that found in 
some forms of silica, but the B—O-B bond angles are smaller than the corresponding 
Si-O-Si values. The structure of a portion of the network is shown in Fig. 6, and the 
interatomic distances are summarized in Table IV. The presence of only tetrahedral 
boron is consistent with the ?1B nuclear magnetic resonance data for the crystal, which 
shows only a single symmetric line.** 

Thus in metaboric acid there is a gradual transition from all trigonal boron in 
HBO,(II]), the orthorhombic form, to one-third tetrahedral boron in HBO.(ID, the 
monoclinic form, and finally all tetrahedral boron in HBO.(I). This change in structure 
is consistent with the order of formation during the dehydration of boric acid. That is, 
the first metaboric acid to form, HBO,(III), is similar to orthoboric acid itself, with all 
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Table I1I1.—Interatomic Distances in Monoclinic HBO.(II1)** 


B,-O; 1 345 O;-0;; 2°335 
B,-O;; 1:371 O;;—-Oii 2:392 
B-Oi;; 1 -386 O;-Oii; 2:380 
By—-Orxii 1 +378 | Oii-Oiy 2°378 
Byy-Oxy 1 *354 Oj;-Oy 2:350 
By—-O, 1-366 O;y-O, 2:368 
Byyi—O>:: 1-433 O;-O,; 2°423 
Byi-O7i; 1-452 O;-O;; 2°449 
Byy-Ory 1 ‘451 O; -Oiy 2°333 
Bis-Ovi 1 $33 O,;-Ory 2°423 
O,;-Oy; 2°386 
Oyy—-Ovi 2°325 
H,-O,; 0-87 Oyi-Hi: - - Oy 2°676 
H,-O, 1-84 O,-Hy: - - Ory 2:°685 
H;,-O, 0-89 Oy:-Hiii: oy Or; 2:683 
H,;-Oiy 1-80 
n-Ov; 1:10 
Hiy-Oi; 137 


1:367— trigonal 
1-472—tetrahedral 
2°681 


Fic. 6.—Small portions of the three-dimensional tetrahedral network of HBO,.(I) and the 
hydrogen bonds between tetrahedra. The view is along the Z-axis and the z-coordinates for 
the labelled atoms are: B (0:3092), H (0:337), O, (0:3004), O; (0-1670), O,; (0-4261), O;; (03551), 
O%, (0:3551). The various bond lengths are shown in A 


trigonal boron arranged in pseudo-hexagonal layers and weak Van der Waals bonding 
between layers. The transition to HBO.(II) on further heating has been suggested to 
involve the reaction®®: 


n B303(OH)3 — (B304(OH))n + nH20, 


with the formed water retained in the structure to form a tetrahedral bond to boron. 
There are hydrogen bonds between layers, as well as within layers. As a consequence, 
the crystals of HBO.(II) are fibrous.*! The last modification to form, HBO-(I), con- 
tains all tetrahedral boron, as was suggested for crystalline boric oxide,*° the final stage 
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Table IV.—Interatomic Distances in Cubic HBO.(1)** 


B-O; 1-436 O,-O' 2-413 
B-O; 1 -465 O;-O;j; 2°431 
B-O;; 1-505 O;-O7;; 2-360 
B-O;; 1-482 O;-O;; 2°381 
O;-O%i 2°421 
O;,-O7n 2°412 
H---O; 1-43 O;-+-H-Oj; 2:487 
H-O%, 1-06 
_teeg | OO eet 
Average 
B-O 1-472 


Table V.—Mean Bond Lengths (A) in the Boric Acids** 


B-O 
Structure Boron configuration O-H:---O 
Trigonal Tetrahedral 
H3BOz3 1-361 — 2:720 
HBO.(ID jam ~- OLD aD: 
HBO.(I1) 1-367 1-472 2°681 
HBO.(1) -- 1-472 2:486 


Interlayer Distances 


H3BOz3 3-181 
HBO.(III) 3-128 
HBO,(ID) 3-075 


in the dehydration of orthoboric acid; there is no longer any layer structure, but a 
three-dimensional network, yielding harder, denser crystals. 

The mean bond lengths in the boric acids are summarized in Table V. The mean 
B—O distances are quite constant, although there are larger deviations for individual 
bond lengths. The interlayer distances show a steady decrease from orthoboric acid 
to HBO,.(II), after which the layered structure disappears. The relationships between 
bond length and bond strength in the boric acids have been discussed by Zachariasen* 
and Coulson.?” 

Although gaseous orthoboric acid exists, direct experimental study of the structure 
has not been published. Theoretical interpretations of infra-red spectra of the crystalline 
material have been made, based on a postulated isolated orthoboric acid molecule®*-*!; 
bond angles and distances were assumed, based on those in the crystal. Calculated 
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Fic. 7.—Structure of gaseous HBO, 
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results were in good agreement with experiment, and reference is made to some un- 
published observations*! on the gas-phase molecule. 

A structure for monomeric, gaseous metaboric acid has been proposed, based on an 
interpretation of the infra-red emission spectrum‘? of the BzO;-H2O system, and is 
shown in Fig. 7. It involves a linear O-B-O group with an off-axis hydrogen. The same 
authors*? proposed an assumed structure for the gaseous trimer, based on analogy 
with trimethyl boroxole and borazole; their structure has C3, symmetry with B—O= 
1:36, O—H=1-0 A and <BOB=120°. 


SPECTRA OF BORIC ACIDS 
Infra-red and Raman 


Numerous studies of the infra-red absorption and Raman spectra of crystalline boric 
acids and aqueous solutions of orthoboric acid have been made.**-®° Results for the 
infra-red spectra of orthoboric acid reported by various workers are summarized in 
Table VI. Assignments of the absorptions have been made on the basis of C3, point- 
group symmetry. Those given by Pistorius®® are summarized in Table VII, and illus- 


Table VII.—Fundamental Frequencies of Orthoboric Acid in cm~+* *8 


Description | Designation | Symmetry | H3B!°O3 | H3B!103 


type 
O-H stretch 3250 3250 
B-O stretch 1060 
BOH bending 881 
BO3 bending 668 
OH torsion — 
O-H stretch 3150 
B-O stretch 1490 
OBO bending 545 
BOH bending 1195 
OH torsion 


trated in Fig. 8. The shape of the infra-red spectrum depends on both the coordination 
of boron and the shape of the borate polyion.*®° Results of studies of the Raman 
spectra are summarized in Table VIII. On the basis of the reported infra-red and 
Raman spectra, and the assignments made, Pistorius*® has carried out a normal 
coordinate treatment by means of Wilson’s F—G matrix method.®” ®® These equations 
were then -used to obtain the most significant valence-type force-constants. Krish- 
nam®*’7° has conducted a similar treatment, changing two G-matrix elements. These 
treatments have been questioned by Cyvin et al.?°-*1, who have carried out a similar 
treatment themselves, including interaction terms of the G-matrix. The values for in- 
plane force constants obtained by Cyvin et al.*! are summarized in Table IX. 

The infra-red and Raman spectra of crystalline orthorhombic metaboric acid 
(HBO,(IID)) has been reported*®: *®; the results are summarized in Table X. The funda- 
mental vibrations and assignments have been made*® on the basis of Bz;03(OH)s 
groups with D3, point-group symmetry; assignments for the B303(O~)3 skeleton are 
summarized in Table XI; those for the hydrogen motions (based on Dz, point-group 
symmetry) for the chains of units are summarized in Table XII. Table XIII shows 
combination and overtone bands in the spectrum. Polycrystalline thin films of ortho- 
boric acid have been studied, at different temperatures and in the presence of different 
vapours. °??ree? 

The infra-red emission spectrum*? and absorption spectrum”! for gaseous metaboric 
acid have been reported. The absorption measurements are illustrated in Fig. 9, and 
show no indication of the 1420 cm~? band in the emission spectrum; the emission is 
postulated to be due to B2O3, not HBO2.”1 The observed frequencies in the emission 
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Fic. 8.—Approximate forms of the normal vibrations of the B(OH)3 molecule (point group 
C3n). Only one of each of the degenerate vibrations is shown. The arrows are not drawn 
to scale 


spectrum are summarized in Table XIV. The absorption spectrum is in agreement 
(within the experimental error) with the 3680-cm~ *? and 2030-cm ~? frequencies; absorp- 
tion at wave-lengths longer than 500 cm~? showed no single band, but was attributed 
to bending motions.”* 


Ultraviolet and Visible Spectra 


Studies of ultraviolet and visible absorption spectra of ‘boric acids’’?-® have not 
clearly established the identity of the species involved. Flame photometric’? ° and high- 
temperature’*’»75 work may involve metaboric acid species, but may equally well 
involve species containing only boron and oxygen. 
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Table IX.—In-plane Valence Force-constants (f in mdyne/A) and Compliance 
Constants (n in A/mdyne) for Orthoboric Acid* 


faa+0-025 


ax faa+0-016 0-001 fap — 0-054 
age ae ih x=B x=« x= 
Sree 1-321 0-007 Was (2-1-1010 
rae Sra 0393 —0-051 gs Sag — 0-442 
4 0-118 i: Sup + 0-040 


Nuclear Magnetic Resonance and Electron-spin Resonance Spectra 


The proton nuclear magnetic resonance spectrum in crystalline orthoboric acid 
has been investigated in connection with studies of the hydrogen bond.?® 7" 78 The 
11B nuclear magnetic resonance spectrum in orthoboric acid, monoclinic and ortho- 
rhombic metaboric acid (HBO.(ID) and (IID))*°, and in cubic metaboric acid (HBO2(I))”” 
have all been determined. The quadrupole coupling constants vary from near zero 
(0-85) for the tetrahedral boron in cubic metaboric acid to 2:56 for trigonal boron in 
orthoboric acid. The '*B nuclear magnetic resonance of aqueous boric acid solutions 
was found to be a single line, independent of concentration.°° The pH dependence of 
the 71B shift in boric acid—borate solutions has been studied.%°° 4”9 The electron spin 
resonance spectra of irradiated orthoboric acid and deutero-orthoboric acid have been 
studied.®? 


PHYSICAL PROPERTIES OF THE BORIC ACIDS 


The specific gravity of crystalline orthoboric acid at several temperatures has been 
summarized in Mellor.®? The thermal expansion in the temperature range 30°-80°C 
was determined by an X-ray method®?; the three-directional expansion coefficients are 
Q11=3°67+0°6x 10~°, adog= 10°83 41:0 10~® and agg=255:9+1:0x 10~°; the direc- 
tion of maximum expansion is nearly perpendicular to the plane of the oxygen atoms, 
while the direction of negative expansion is parallel to the shortest hydrogen 
bonds. Tazaki® determined the changes in density and weight loss caused by heating 
orthoboric acid to temperatures ranging from 40° to 200°C. He concluded that the 
densities of the boric acids are as follows (g cm~°): orthoboric acid 1-504; HBO.(III) 
1:78; HBO.(II) 2:04; and HBO.(I) 2:49, again presumably at ambient temperature. 
Sokolova and Skuratov?>> report HBO.(III) 1:786+ 0-004 and HBO.(II) 2-040 + 0-004 
at 25°C. Kracek et al.1 report 1:78 for HBO.(IID), 2:044 for HBO.(II) and 2-485 for 
HBO.(I). 


Refs. p. 311 


238 


Boron 


Table X.—Infra-red and Raman Spectra (cm~*) of Orthorhombic Metaboric Acid*® 


Goubeau and Hummel*® @ Parsons*® Raman 
B303(OH)s 
Bs03(OH)3 | BsOs(OD)s3 Bs03(OH)3| Bs*°Q3(OH)s BzO03(OD)s 
262 (vw) 
268 (vw) 
274 (vw) 
280 (m) 
415 (m) 
456 (s) 
462 (m, sh) 462 (m) 463 (m) 456 (m) 
476 (m) 478 (w, sh) 482 (w, sh) 474 (w, sh) 
504 (vw) 504 (vw) 499 (m) 
548 (vw) 577 (w) 
591 (m) 595 (w) 600 (w) 600 (s, b) 598 + 3 (s) 
645 (s) 650 (w) 650 (vw) 639 (w) 
675 (w) 680 (w) 
718 (s, b) 727 (m) 
735 (s, b) 745 (s, b) 761 (s, b) 739 (s, b) 
805 (vw) 
825 (s, b) 835 (w) 833 (s, b) 835 (s, b) 842 (m) 819+5 (s) 
865 (vw) 
885 (vw) 880 (w) 887 (m) 
942 (m) 925 (w) 939 (m) 942 (m) 930 (m) 
960 (vw) 970 (vw) 956 (w) 960 (w) 972 (w) 
1005 (m) 1004 (s) 
1110 (w) 1099 (m) 1099 (m) 
1132 (m) 
1150 (m) 1160 (w, b, sh)| 1147 (s) 1153 (s) 1126 (w)* 
1200 (s) 1196 (m) 1212 (s) 
1245 (w) 1239 (s) 1267 (m) 1226 (w) 
1290 (w, sh) 1289 (w) 1300 (m) 
1342 (vs) 
1375 (vs, vb) | 1350 (vs, vb) 1360 (vs) 1358 (vs, b) 
1397 (vs, vb) 1385 (vs, vb) 1407 (vs, b) 
1450 (s, vb) 1451 (vs, vb) 1441 (m, b) 
1475 (w, sh) 1473 (m) 1477 (m, b) 
1523 (m) 1504 (m, b) 
1754 (vw) 1754 (vw) 1775 (vw) 
1812 (vw) 
1905 (vw) 1892 (vw) 
1942 (vw) 1976 (vw) 1930 (vw) 
2041 (vw) 2041 (vw) 2008 (vw) 
2088 (vw) 2088 (vw) 
2151 (vw) 
2188 (vw) 2179 (vw) 2193 (vw) 
2227 (vw) 2227 (vw) 2227 (vw) 
2294 (vw) 
2342 (vw) 2353 (vw) 2398 (s) 
2415 (vw) 2410 (vw) 2454 (s) 
2475 (vw) 2485 (vw) 2506 (s) 
2646 (vw) 2717 (vw) 2825 (vw) 
3195 (s) 3195 (s) 
3257 (s) 3257 (s) 3215 (w)?* 
3356 (s) 3356 (s) 


* Absorption resulting from residual OH groups. 


vs, very strong; s, strong; m, medium; w, weak; vw, very weak; b, broad; vb, very broad; 
sh, shoulder; sp, sharp. 


Refs. p. 311 


239 


Properties and Reactions of Boric Acid 


LLI “6 “OS6L “20S dvpvavy uolssnosig “DG “YW 3» *D ‘Burry “Y “f ‘UdS|IIN Ul Bep Woy psyeWINSy , 
‘Cp DOUSIOJOI 9}0U}OOFJ WO] , 

‘uondoisqe HO 3uoNs Aq poindsqo » 

‘sdnoi3 HO Se poysin3urljsip ZULI UI JOU SUIO}e UdBAXO 5 

"eY ATJQWIWAS ANOIZ 9}IS 9Y} JOPUN 9AI}Oe SUOIILIQIA 4g 

‘MUIIYOS BIOQZIOH IY} SMOTOJ BULIOQUINN » 


(612) gpow Burt oue[d-jJo-jnO uewey 
6£9 0s9 SUIS3eM HO-da me 4 
(007) (eseyd ul sdnoiz FAO) 3ulszem HO-G pol-eljuy 
6€L (oseyd 2 
L@L TOL CPL jo Jno swoje CO puke g) 9powW Sul suK]d-jo-jnO 
a08C BUIYDOI HO-G 
9S COV COV SUIPUSg JsuUe BUTY 
0£6 (40) 6£6 SUIYOIONS BUY ueuUleYy 
O9€ tt pol-eijuy 
8Sel S8el Chel ZuIYyd}o1}S Bury AC | 
LOvI Isp] L6ET suryojens HO-d 
vLY C8P 8Lr SUII 94} JsUIeSe BuUI)SIM} SdNOIZ HO, SAI}OBUT 
Ivbl €CST ELvl SWIOJe O OY} ISUILS BUNISIM} SWIOJE Jy Zp 
86S LLS 009 S6S (eseyd ul sdnois HO-g) Zuryjeo1g Bury, uewWeYy 
618 $08 p D SUII ©O®g 94} JO UONeVWAOJOp [eUOBIIL, 1p 
9¢CI LOCI 6£CI : BUIYIIONS sHO- JO}WUWAS, 
*(do)°O'a =| *(CHO)*Oor®a | *(HO)*O*A 
®(HO)*O*d AVAIOR 
uewleYy pol-elyjuy p}USWUSISSY UONLIQIA [eWIOU Jo UONdIIOSEd pure soieds 


4€q dnodsyd julog Aof plap I140qvjapw 
JIQUIOYAOYIAC JO U0JaJayxS' *(_OC)®O®T ays sof sjuamusissy (,_wd) Kauanbasy puv suoywaqiA jouson fo uodisasag ‘sajny uolj2ajaS— TX 2/qd], 


Refs. p. 311 


240 Boron 


Table XII.—Selection Rules, Description of Hydrogen Motions and Frequency (cm~*) 
Assignments for the Hydrogen-Oxygen Chain for the Factor Group 
Isomorphic with the Point Group Dop**® 


Infra-red | 


Species and | Description of hydrogen i [—— 
activity motion | B303(OH)s3 |B3?°O3(OH)3| BsO03(OD)s3 
A, Stretching 
Raman In-plane bending 
Bi, Stretching 
Raman In-plane bending (R-,) 
Bag Out-of-plane bending 
Raman (R,) 
Bay Rotation about the 
Raman chain axis (R,.) 


A, Out-of-plane bending 
Inactive Out-of-plane bending 


Byy Out-of-plane bending 600 

Infra-red | Translation (T-) | 

Bow Stretching 2506 

Infra-red | In-plane bending i 1004 
In-plane bending : 887 
Translation (T,) 

By Stretching 2454 

Infra-red | Stretching 2398 


In-plane bending 842 
Translation (T;,) 


Table X1UI.—Interpretation of Combination and 
Overtone Bands in the Infra-red Spectrum 
of Orthorhombic Metaboric Acid, B303(0H)s *® 


Observed Interpretation 
frequency 
incm7? 
415 (200) + (215)=415 (E’) 
548 2 x 280= 560 (A, + A5+E’) 
956 (215)+ 745 = 960 (E’) 
1132 ? 
1289 ? 
1754 ? 
1905 ? 
1942 595+ 1360= 1955 (E’) 
2041 939 + 1099 = 2038 
2088 939+ 1147= 2086 
2151 939+ 1196=2135 
2188 ae eee (E’) 
939 + 1239 =2178 (E’) 
2221 819+ 1397=2216 (E’) 
2294 939 + 1360= 2299 (4, +A3+E’) 
2342 939 + 1397 = 2336 (A; + A+ E’) 
2415 939 + 1473 = 2412 (E’) 
2475 ‘4 
2646 1239 + 1397 = 2636 (E’) 
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Fic. 9.—Absorption spectrum of HBO, formed by heating B2O3 to 1160°C in presence of 
2 cm Hg pressure of water vapour. Spectrum plotted point by point using power-on/power- 
off technique. Path length 120 ft, NaCl prism”? 


Table XIV.—Frequency Assignment for 
Gaseous HBO,” 


Approx. character 
of mode 


Species Frequency (cm~ 1+)? 


O—H stretch 
B=O stretch 
B—O stretch 
O—H bend 
O—B=O bend 
O—B=O bend 


Ac 


* The frequencies given in parentheses have been estimated. 
The others have been observed in natural HBO.2(g). 


The elastic and torsion moduli, double refraction, dispersion, elliptical polarization, 
index of refraction, molecular refraction and magnetic susceptibility for orthoboric 
acid have been discussed in Mellor.®? The magnetic susceptibility recorded there is 
—0-6x 10~°;. more recent values are — 34:8 x 10~° 163 and —35-72 x 107 1% c.g.s. 
units. The crystals have a dark conductive resistance of (1 to 3)x 102° ohm?®°, and 
were reported to show no photoconductivity. However, others®” dispute this, asserting 
that light at 2537 A produces photoconductivity. Kracek et al.1 provide data on refrac- 
tive indices of orthoboric acid as « 1-337, 8 1-461 and y 1-462; for the metaboric acids 
they report HBO.(IID, « 1-376, 81-514, y 1-619. The data of Batsanov®” for orthoboric 
acid at several wave-lengths are summarized in Table XIVa. 


Table XIVa.—Refraction of Orthoboric Acid 
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Applied pressure (kg/cm?) 
Fic. 9a.—Effect of applied pressure on shear strength of boric acid powder?” 


Flow rate (g/sec) 


0 100 200 300 400 500 


(i) 7 (ii) 
Fis. 9b.°78 


(i) Dependence of particle size on angle of repose or sliding angle of boric acid powders. 
(ii) Effect of particle size on flowing rate. 
x Boric acid powders 


The volume compression of orthoboric acid to a maximum pressure of 10,000 
atmospheres has been determined® to fit the equation 


—AV/V = (11-65 x 10~°)(P— 2000) — (1:11 x 10-1°)(P — 2000)?(P in atm.). 


The effect of applied pressure on the shear strength of compacted orthoboric acid 
powder is illustrated in Fig. 9a.°7* Kaneniwa et al.9’° have studied the relationship 
between particle size and angle of repose or sliding angle for orthoboric acid powders. 
Their results are illustrated in Fig. 9b, which also shows the flow rate of orthoboric acid 
powders as a function of particle size. 

The dielectric constant of pressed boric acid powder was found to remain constant 
from —120° to 40°C, then rise to a maximum near 100°C, fall to a minimum near 
150°C, and finally rise to a constant level at about 200°C. The dichroism produced by 
ultrasound in suspensions of boric acid crystals in organic media has been studied.®° 
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Thermodynamic data pertinent to the boric acids have been reviewed in the JANAF 
Tables®®, and selected values have been used to calculate thermodynamic functions at 
even 100 K intervals from 0 to 6000 K. The heat of formation of crystalline orthoboric 
acid selected is —261-47 kcal/mol at 25°C.°°* The heat of formation of gaseous 
orthoboric acid is calculated from that of the crystal and the heat of sublimation 
(24-3 kcal/mol) derived from vapour-pressure data.* The heat of formation of HBO.(I) 
(— 191-87 kcal/mol) was taken from Kilday and Prosen’s? heat of hydrolysis measure- 
ments and the above heat of formation of orthoboric acid. West determined the heats 
of formation of the three forms of metaboric acid relative to orthoboric.*1° The heat 
of formation of monomeric gaseous metaboric acid (— 134-0 kcal/mol) was taken 
from the average of four studies of the heat of hydrolysis of molten boric oxide?® and 
data for water and boric oxide.°°° The heat of sublimation of H;BO 3 at 298-1 K has 
been determined as 18-05 kcal/mol and entropy as 60:6 cal/mol degree.*+” 

The low-temperature heat capacity of orthoboric acid has been determined in the 
temperature range 16-296 K®°; these data, plus estimates based on values for the con- 
stituent oxides, were used to prepare tables of values at 100 K intervals®® from 0 to 
1500 K; the value at 25°C is 19-44 cal/mol°C. The fundamental frequencies obtained 
by Pistorius®® were used to calculate heat capacities of gaseous orthoboric acid by 
methods of statistical thermodynamics,®° and to prepare tables at 100 K intervals from 
0-6000 K; the value at 25°C for gaseous H3BOz3 is 15-616 cal/mol°C. 

Heat capacities for crystalline cubic metaboric acid (HBO.(1)) have been estimated 
from values for the constituent oxides, and used to prepare tables at 100 K intervals; 
the value at 25°C is 13 cal/mol°C.8° The data for the fundamental frequencies of 
gaseous metaboric acid from the work of White et al.*2 were used to calculate heat 
capacities for gaseous HBO, for the temperature interval 0-6000 K®°; the value at 
35°C is 10-094 cal/mol°C. The calculated thermodynamic functions derived from the 
above data are shown in Tables XIVb—-XIVFf. 


Table XIVb.—Thermodynamic Functions for Boric Acid 
(H3BO3) (Crystal) mol wt=61-8448° 


cal/(mol deg) kcal/mol 
ak oe 5 Oe See eee oe ied AF; Log Kp 
0  0:000 0-000 Infinite S201 yr 2 98-2310 pe steal Infinite 
100 8-585. 6-927 34-737 2781200025.) — 250:823 548-146 
200 14-040 14-610 22-315 —1:641 —260-889 —241-267 263-632 
298 19-440 21-210 21-210 0:000 —261-470 —231-503 169-688 
8 altOST > der aR sete AE Ue se hair ps ed ae op Sa 
11 Aaa 8 ge ay © ign et Se plo AL epweie! yy 2 Seay ZA oN: 120-862 
500 27-400 33-302 »——-.23-723 4-790 —261-712 —211-088 92-262 
600 30-400 38-569 25-764 7-683 —261:476 —200-982 73-204 
700 32:963 43-452 27-946 10-854 —261-:041 —190-930 59-608 
800 35-200 48-003 30-172 14-265  —260-431 —180-957 49-433 
500" (37050 °52-258"* 132-392 17-879 | \=259-672 » —171:066 41-539 
1000 = 38-700 56-249 34-581 21-668 —258:785 —161-266 35-243 
1100 = 40-147 60-007 36-723 25°612 WO=257-793" § 21515563 30-111 
1200 41-400 63-555 38-813 29-691 —256-706 —141-951 25-852 
1300 42-460 66-912 40-845 33-886 —255:547 —132-436 22-263 
1400 43-327. 70-092 42-823 38-177 —254-330 —123-011 19-202 
1500 44-000 73-105 44-742 42:545 —253-078 —113-674 16-562 
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Table XIVc.—Thermodynamic Functions for Boric Acid (H3BO3) 
(Ideal Gas) mol wt =61-8448° 


cal/(mol deg) kcal/mol 
—(F° — H 308) 
iva os: goons nsd Tae ene ee AF; _—- Log Kp 
0 

100 11-043 56-791 82-550 —2:576 —235-509 —231:294 505-469 

200 12:873 64-896 71-877 —1:396 —236:334 —226:770 247-791 

298 15-616 70-539 70-539 0:000 —237-160 —221:900 162-649 

300 15-669 70-636 70-539 0:029 —237-175 —221:806 161-°578 

400 B8:371i, 6/5322 71-187 1-734 —237:900 —216:570 118-323 

500 20:640 79-874 72-497 3:688 —238-503 — 211-166 92-296 

600 22:471 83-805 74-059 5-847 —239-002 — 205-650 74-904 

700 23:966 87-384 TOTAL 8-171 —239-414 — 200-055 62:457 

800 25:215 90-668 77-378 10-632 —239-754 — 194-41] 53-108 

900 26:280 93-701 79-026 13-208 —240-033 — 188-726 45-827 
1000 27:199 96-519 60-636 15-883 —240-260 — 183-011 39-995 
1100 27:997 99-150 82-201 18-644 —240-451 — 177-279 35-220 
1200 28:693 101-616 83-717 21-479 —240-608 — 171-526 31-236 
1300 29-300 103-937 85-184 24:380 —240-743 — 165-765 27:866 
1400 29-832 106-129 86-602 27:337 —240-860 — 159-993 24-975 
1500 30-298 105-203 87:974 30:344 —240-969 — 154-212 22-468 
1600 30°:708 110-172 89-300 33-395 —241-074 — 148-427 20-273 
1700 31-069 112-045 90-584 36-484 —241-173 — 142-631 18-336 
1800 31-387 113-830 91-826 39-607 —241-274 — 136-834 16-°613 
1900 31-669 115-534 93-029 42:760 —241-375 — 131-026 15-071 
2000 31:920 117-165 94-195 45:940 —241-477 — 125-217 13-682 
2100 32-143 118-728 95-327 49-143 —241-582 — 119-400 12-426 
2200 32:343 120-228 96-425 52:368 —241-694 — 113-580 11-283 
2300 32-522 121-670 97-491 55:611 —241-808 — 107-756 10-239 
2400 32-683 123-058 98-528 58°871 —241-931 — 101-921 9-281 
2500 32:827 124-395 99-536 62:147 —247-451 — 95-982 8-390 
2600 32:958 125:685 100-517 65-436 —247-580 — 89-917 7-558 
2700 33-077 126:931 101-472 68-738 —247-715 — 83-850 6°787 
2800 33-185 128-136 102-403 72:051 —247-856 — 77-761 6:071 
2900 33-283 129-302 103-311 75:375 —248-002 — 71-696 5-403 
3000 33-373 130-432 104-196 78:708 —248-154 — 65-619 4-780 
3100 33-455 131-528 105-060 82:049 —248-310 — 59-534 4-197 
3200 33-530 132:591 105-904 85-398 —248-475 — 53-441 3-650 
3300 33-599 133-624 106:728 88-755 —248-646 — 47-343 3-135 
3400 33-663 134-628  107:534 92°118 —248-824 — 41-242 2°651 
3500 33-721 135-604 108-322 95-487 —249-009 — 35-133 2:194 
3600 33-776 136:555 | 109-093 98-862 249-201 — 29-018 1-762 
3700 33-826 137-481 109-848 102:242 —249-402 “—22:897 1-352 
3800 33-873 138-384 110-587 105-627 —249-608 — 16-770 0-964 
3900 33-916 139-264 111-311 109-017. —249-822 — 10-645 0-596 
4000 33-957 140-124 112-021 112-410 —371-224 — 2-368 0-129 
4100 33-994 140-963 112:717 115-808 —371-221 6°854 — 0-365 
4200 34:029 141-782 113-399 119-209 —371-225 16-082 — 0-837 
4300 34:062 142:583 114-068 122:614 —371:237 25-305 — 1-286 
4400 34-093 143-367 114-725 126:022 —371-257 34-519 —1-715 
4500 34:122 144-133 115-370 129-432 —371-285 43-741 —2:-124 
4600 34:149 144-883 116-004 132:846  —371-318 52:975 —2:517 
4700 34:175 145-618 116-626 136:262 —371-360 62°198 — 2-892 
4800 34:199 146-338 117-238 139-681 —371-408 71-424 — 3-252 
4900 34-221 147:043 117-839 143-102 —371-463 80-643 — 3-597 
5000 34-242 147-735 118-430 146-°525 —371-524 89-866 —3-928 
5100 34-263 148-413 119-011 149-950 —371-595 99-104 — 4-247 
5200 34-282 149-079 119-583 153-377 —371-670 108-324 — 4-553 
5300 34-300 149-732 120-146 156-807 —371-751 117-566 — 4-848 
5400 34-317 150-373 120-700 160-237 —371-842 126-788 — 5-131 
5500 34-333 151-003 121-245 163-670 —371-936 136-033 — 5-405 
5600 34-348 151-622 121-782 167:104 —372:040 145-257 — 5-669 
5700 34-363 152:230 122-311 170:539 —372-150 154-499 — 5-924 
5800 34-376 152:828 122-832 173-976 —372:266 163-741 —6:170 
5900 34-390 153-415 123-345 177-415 —372-388 172-987 — 6-408 
6000 34-402 153-993 123-851 180-854 —372:517 182-234 — 6:638 


Mar. 31, 1961; Dec. 31, 1964 
ee nen nee We i 


Properties and Reactions of Boric Acid 245 


Table XIVd.—Thermodynamic Functions for Metaboric Acid 
(HBOs3) (Crystal) mol wt = 43-8288 


cal/(mol deg) kcal/mol 
T,K GP 5° —E A s) H°— His, 4H? AF? Log Kp 
0 
100 
200 
298 13-000 11-700 11-700 0-000 —191-870  —175-677 128-769 
300 13-100 11-781 11-700 0-024 —191-870 —175:577 127-902 
400 14-700 15-778 12-234 1-417 —191-857 —170-147 92-959 
— 500 15:900 19187 13-292 2947 — 191-821 — 164-723, 71-997 
600 17-100 22-188 14-529 4-595 —191-753 —159-309 58-025 
700 18-863 24-961 15-823 6396 —191-597 —153-912 48-051 
800 20-300 27-577 17-131 8-357 —191-332 —148-547 40-579 
900 21-425 30-036 18-429 10-446 —190:979 —143-219 34-777 
1000 22-200 32-337 19-706 12-630 —190-566 —137-933 30144 
1100 22-480 34-466 20-953 14-865 —190:137 —132-691 26-362 
1200 22-700 36-432 22-162 17-124 —189-712 —127-486 23-217 
1300 22-860 38-256 23-331 19-403 —189:296 —122-319 20-563 
1400 22-960 39-954 24-458 21-694  —188-893 —117-181 18-292 
1500 23-000 41-540 25-545 23-993 —188:509 —112-074 16-328 


Vapour Pressure of Boric Acids 


The volatility, or ‘steam volatility’, of the boric acids has been a subject of con- 
troversy for many years. The questions whether they are volatile, what species vapor- 
ize, and what species exist in the gas phase, and factors affecting the vaporization 
equilibrium and vaporization rates, are still not completely resolved. It appears that 
much of the argument is derived from the possibility for dehydration (or hydration) 
according to the equations: 


H;BO,(s or g) = HBO.(s)+ H2O(g) 
HBO,(s) = B2O3(s) + H2O(g) 


There appears to be general agreement at this time that, other than H2O(g), H3BO;(g) 
is the predominant, if not the only, gaseous species at relatively low temperatures 
(< 160°C).* As the temperature is increased HBO.(g) becomes significant, and at still 
higher temperatures (HBOz2)3(g) becomes significant.1® 1°42 The total pressure ob- 
served, therefore, depends upon the overall composition of the total system, and 
whether any condensation of HBO, has occurred in cooler portions of the system. 
Most of the observed total pressure is, of course, due to H2O(g) from the dehydration 
equilibria. That is, starting with pure boric acid, as the temperature is raised (in a 
closed system) eventually the melting point is reached, following which the vapour 
pressure corresponds to a saturated solution of metaboric acid in water. 

Kracek et al.’ have summarized and compared the data of prior workers; their 
summary is shown in Figs. 10 and 11. In addition, they have fitted equations to the 
data of some earlier workers. For the data of Bezzi®! they present for the dissociation 
of HzBO3 to HBO.(II) the equation: 


Log P(mm) = —12,350/4:574 7+ 1-75 Log T+ 4°8115. 


Bezzi has also presented additional data bearing on the problem.°?’ 9? Kracek ef al.1 
have fitted the data of Gilbert and Levi®* for the dissociation of H3BO3 to HBO.(IID), 
yielding the equation: 


Log P(mm) = — 13,940/4-574 T+ 2 Log T+ 4:8254. 
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Table XIVe.—Thermodynamic Functions for Metaboric Acid 
(HBO,) Udeal Gas) mol wt = 43-828°° 


cal/(mol deg) 


oo 


Cp 


0-000 
7:984 
8-816 
10-094 


10-118 
11-366 
12-466 


13-402 
14-189 
14-851 
15-414 
15-895 


16°311 
16-671 
16-986 
17-260 
17-501 


e413 
17-901 
18-066 
18-214 
18-345 


18-462 
18-567 
18-661 
18-746 
15-822 


18-892 
18-955 
19-012 
19-065 
19-113 


19-156 
19-497 
19-234 
19-268 
19-300 


19-329 
19-356 
19-381 
19-404 
19-426 


19-447 
19-466 
19-483 
19-500 
19-516 


19-530 
19-544 
19-991 
19-569 
19-581 


19-592 
19-602 
19-612 
19-621 
19-630 


19-638 
19-646 
19-654 
19-661 
19-668 


So 


0-000 
47°787 
ees 
S273 


57-336 
60-420 
63-078 


65-436 
67:562 
69-502 
71:284 
72934 


74-469 
75:904 
tP2S1 
78520 
79:719 


80-856 
81-935 
82:963 
83-944 
84-882 


85-779 
86°641 
87:468 
88-264 
89-031 


89-771 
90-485 
ie ge) 
91-843 
92-490 


93-118 
93727 
94-318 
94-893 
95-452 


ISII0 


96°526 
97-042 
97:546 
98-038 


98:518 
98-986 
99-445 
99-893 
100-331 


100-760 
101-180 
101:592 
101-995 
102°391 


102:779 
103-159 
103-533 
103-899 
104-260 


104-613 
104-961 
105-303 
105-639 
105-969 


— (F° — A308) 


T 


Infinite 
65:377 
58:155 
57:273 


DEZTS 
57-686 
58504 


59-466 
60°474 
61:483 
62°474 
63-438 


64-372 
65-274 
66°144 
66°983 
67:793 


68:°574 
69-328 
70-057 
70°763 
71-445 


72:107 
72:748 
73°370 
73:974 
74561 


75°132 
75:688 
76°228 
76°755 
77:269 


APTIO 
78°260 
78°737 
79-204 
79-660 


80-107 
80-543 
80-971 
81-389 
81-799 


82-201 
82:595 
82-982 
83-361 
83-733 


84-099 
84-458 
84-810 
85-157 
85-498 


85-833 
86162 
86°487 
86°806 
87-120 


87-429 
87:734 
88-034 
88-329 
88-620 


H°— H 598 


— 2°554 
— 1°759 
— 0-928 
0-000 
0-019 
1-094 
2:287 


3-582 
4-962 
6°415 
7:929 
9-495 


11-106 
12-756 
14-439 
16°151 
17:890 


19-651 
21:432 
23-230 
25:044 
26°872 


28-713 
30°564 
32:426 
34-296 
36:175 


38-060 
D993 
41-851 
43-755 
45-664 


47-577 
49-495 
51-417 
53-342 
55-270 


57-202 
59-136 
61-073 
63-012 
64-954 


66:°897 
68-843 
70-790 
72:739 
74-690 


76°643 
78°596 
80°551 
82-508 
84-465 


86°424 
88-384 
90:344 
92-306 
94-268 


96:232 
98-196 
100-161 
102-127 
104-093 


kcal/mol 
AH; 


moet fe A fe) 
— 133-478 
— 133-709 
— 134-000 


— 134-006 
— 134-311 
— 134-611 


— 134-896 
135-168 
— 135-404 
~~ 135-626 
135-331 


— 136-026 
— 136-210 
— 136-390 
— 136-566 
— 136-742 


==136°920 
— 137-100 
— 137-284 
Tae 
= 137-659 


137351 
— 138-047 
— 138-246 
— 138-451 
— 144-049 


— 144-256 
— 144-465 
— 144-676 
— 144-889 
— 145-105 


— 145-323 
— 145-544 
— 145-768 
— 145-995 
— 146-225 


— 146-458 
— 146-696 
— 146-935 
— 147-178 
— 268-603 


— 268-621 
— 268°641 
— 268-665 
— 268-694 
— 268-725 


— 268-758 
— 268:796 
— 268:°837 
— 268-881 
— 268-928 


— 268-980 
—269:033 
— 269-089 
~269:151 
= 269213 


— 269-281 
— 269-351 
— 269-425 
— 269-502 
— 269:583 


AF? 


= So17 5 
— 132-378 
— 132-196 
=135T°395 


= 13019 
— 130-457 
— 129-459 


— 128-401 
+ 1297297 
— 126-159 
— 124-989 
~~ 123795 


= 122:583 
= 120551 
— 120-106 
— 118-847 
— LT STS 


— 116-292 
— 114-996 
— 113-691 
— 112-376 
—111-051 


— 109-713 
— 108-370 
— 107-017 
— 105-652 
— 104-176 


— 102-576 
— 100-968 
— 99-354 
+> 975926 
-+96;099 


— 94-464 
— 92-821 
— 91-168 
897511 
— 87-849 


~ 86-175 
— 84-497 
— 82-808 
— 81-123 
~ 77-283 
— 72-500 
— 67-709 
~ 62-927 
— 58-145 
— 53-359 


— 48-567 
— 43-779 
—39el 
— 34-208 
— 29-420 


— 24-626 
— 19-836 
— 15-042 
— 10-250 
—5:452 
— 0-660 
4-137 
8-937 
13-736 
18-543 


Dec. 31, 1960; Mar. 31, 1961; June 30, 1963; Dec. 31, 1964 


Log Kp 


Infinite 
290-390 
144-450 

96:310 


95-705 
%1-275 
56°584 


46:768 
39-742 
34-463 
30-350 
27:054 


24-354 
22100 
20-191 
18-552 
17-130 


15-884 
14-783 
13-803 
12-926 
T2135 


11-417 
10-765 
10-168 
9-620 
9-107 


8-622 
8-172 
vinkiae, 
7:364 
7-000 


6:659 
6°339 
6-037 
5°753 
5°485 


DZS 
4-991 
4-762 
4-546 
4-222 


3°864 
boo P| 
3-198 
2:888 
2:591 


2:307 
2:036 
1A A 
526 
1-286 


1-055 
0-834 
0-620 
0-415 
0-217 


0-026 
($59 
357 
— 0-509 
—0°675 


Table XIVf—Thermodynamic Functions for Metaboric Acid, 
Trimeric ((HBOz)3), (Ideal Gas) mol wt = 131:484°° 


cal/(mol deg) 


— 


Cp 


0-000 
An 
23-148 
32-807 


32-969 
40-477 
45-833 


49-633 
52:405 
54-509 
56°170 
D722 


58-648 
59-602 
60-418 
61-123 
61-735 


62-270 
62-740 
63:253 
63-519 
63-844 


64-133 
64-392 
64-623 
64-832 
65-020 


65-190 
65:344 
65-484 
65-611 
65-728 


65-835 
65-933 
66:023 
66-106 
66°183 


66:254 
66°319 
66380 
66°437 
66:490 


66°539 
66°585 
66°628 
66668 
66:°706 


66°742 
66°775 
66-807 
66°836 
66°864 


66:890 
66°915 
66:939 
66:961 
66:982 


67-003 
67:022 
67:040 
67:057 
67:074 


ASS 


0-000 
60-120 
71-939 
83-047 


83-250 
93-820 
103-463 


112-174 
120-044 
127-185 
133-704 
139-695 


145-231 
150°377 
155-180 
159-684 
163-923 


167-924 
171-714 
175-312 
178-736 
182-003 


185-125 
188-115 
190-982 
193-737 
196-387 


198-941 
201-404 


203-783. 


206-083 
208-310 


210-466 
212°558 
214-588 
216°561 
218-478 


220-344 
222-160 
223°929 
225-654 
227-337. 


228:979 
230-583 
232:151 
233-683 
235-181 


236:°648 
238-084 
239-490 
240-868 
242-218 


243-543 
244-842 
246:117 
247-368 
248-597 


249-804 
250-990 
252°156 
253-302 
254-429 


Dec. 31, 1960; Sept. 30, 1962; Dec. 31, 1964 


— (F° — 393) 


de 


Infinite 
105-418 
85-750 
83-047 


83-048 
84-438 
87:294 


90:°727 
94363 
98-026 
101-633 
105-144 


108-540 
111-815 
114-968 
118-002 
120-924 


123-738 
126-449 
129-065 
131-590 
134-029 


136-389 
138-672 
140-885 
143-030 
145-112 


147-133 
149-098 
151-009 
152-868 
154-679 


156-444 
158-165 
159-845 
161:484 
163-085 


164-650 
166-180 
167:676 
169-141 
170-575 


Py 979 
173-356 
174-705 
176-028 
177:326 


178-599 
179-850 
181-078 
182-284 
183-469 


184-634 
185-780 
186-906 
188-014 
189-104 


190-178 
191-234 
192-274 
193:299 
194-309 


H° — A998 


— 5-440 
— 4-530 
— 2-762 
0-000 
0-061 
3-753 
8-084 


12-868 
17-977 
23°327 
28:°864 
34-551 


40-361 
46:274 
52:276 
58°354 
64:498 


70-699 
76:950 
83-245 
89-579 
95-947 


102°346 
108-773 
115-224 
121-697 
128-190 


134-700 
141-227 
147:768 
154-323 
160-890 


167:469 
174-057 
180-655 
187-261 
193-876 


200-498 
207:126 
213-761 
220-402 
227-049 


233-700 
240-356 
247-017 
253-682 
260-351 


267-023 
273-699 
280-378 
287-060 
293-745 


300-433 
307-123 
313-816 
320-511 
327-208 


333-908 
340:609 
347-312 
354-017 
360°723 


kcal/mol 
AH; 


— 538-303 
— 540-688 
— 542-105 


— 543-000 


— 543-013 
— 543-461 
— 543-610 


— 543-566 
— 543-392 
— 543-130 
— 542-801 
— 542:427 


— 542-035 
— 541-624 
— 541-211 
— 540-797 
— 540-398 


— 540-014 
— 539-645 
— 59°29 f 
— 538-966 
— 538-647 


— 538-344 
— 538-062 
— 537 oe 
— 537-546 
— 553-482 


— 553-248 
= 553-025 
mm D2 S13 
= 552-609 
— 552-417 


=§52:231 


— 552-060 


— 591-899 
= 06° 700 
—551:611 


— 551-482 
—551°368 
maoiiaol 
—351°166 
— 914-621 


cook # Ire tt Jee) 
—= 913096 
— 912-349 
911Gb 


. —910°894 


— 910-178 
— 909-478 
— 908-786 
— 908-105 
— 907-434 


— 906:777 
— 906-126 
— 905-484 
— 904858 
— 904-235 


— 903-630 
— 903-034 
— 902:448 
— 901-870 
— 901-305 


AF? 


— 538-303 
— 530-561 
— 519-844 
UG PLY 


— 508-505 
— 496-924 
— 485-268 


— 473-601 
— 461-951 
— 450-338 
— 438-757 
— 427-212 


— 415-712 
— 404-245 
— 392°814 
— 381-413 
— 370-046 


— 358-700 
— 347:377 
— 336-081 
— 324-798 
eee 


— 302:285 
= 291-053 
= 27197633 
— 268°615 
— 257-096 


— 245-243 
-2)5°097 
— 221°568 
209-127 
— 197-917 


— 186:°103 
— 174-297 
— 162-490 
— 150-696 
— 138-908 


=A 22 
11532) 
= 103-532 
— 91-766 
113553 


= e509 
— 31:524 
— 10°545 
10-412 
31-356 


52-300 
13°216 
94-124 
114-988 
135-864 


156°733 
177:567 
198-413 
219-219 
240-054 


260-828 
281-623 
302-407 
3233173 
343-941 


Log Kp 


Infinite 
1159-485 
568-032 
372°882 


370-428 
271-494 
212-100 


172-501 
144-221 
123-021 
106-540 

93-363 


82-590 
73°619 
66-035 
59-538 
Re: J) 


48-994 
44-656 
40-804 
37-359 
34-260 


31-458 
28:912 
26:589 
24-460 
22°474 


20-614 
18-891 
Lio5 
15-805 
14-418 


13-120 
11-903 
10-761 
9-686 
8673 


7:716 
6°812 
5:954 
5°142 
4-019 


2°800 
1-640 
0-536 

ve O25 17. 
wel). 
— 2°485 
— 3-404 
— 4-285 
5-128 
— 5-938 
11) 
— 7-463 
+ 8:4381 
=O 12 
— 9530 
— eb S 
— 10-797 
— 11-394 
— 11-971 
mf 2°52 
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Bezzi 

Gilbert & Levi 
Menzel et al 

von Stackelberg et el 
Thiel & Siebenbeck 


Boiling point of 
2 saturated solution 
at 1 atmosphere 


Authors, derived from 
solubility data and 
vapour pressure 

1:0 relations 


2 
oy) 


p atm. (log scale) 


© 
N 


0-1 


0:05 


0-02 


0 50 100 200 300 400 
Temperature on reciprocal scale (°C) 


Fig. 10.—P-T diagram for the vapour pressures of saturated solutions in the system H2O-B,O3! 


The data of Tazaki®*” are in fair agreement with those of Bezzi. As indicated in Fig. 10, 
the data of a number of workers?’ 46 7-91-9596 provide reasonable agreement. 
Stackelberg and Quatram®® have illustrated the phase relations for the system. Their 
illustration is reproduced in Fig. 12. 

More recently the system H2O-B2O3 has been examined at higher temperatures 
(> 1000 K),*®19%»?8 by using transpiration and mass spectrometric*2! methods. The 
principal vaporization mechanism at these temperatures is concluded to be?® 79: 


1/2H2O(g)+ 1/2B203(s) = HBO2(g). 


Fig. 13 shows a plot of log K for the reaction versus 1/T.1® 

The process of dehydrating the boric acids, which is related to the vapour pressures 
in the system BzO;-H.O, has been studied by a variety of techniques.?: 97 199 369, 370 
Differential thermal analysis has been used to study kinetics*?? and dehydration 
mechanisms.*?* Curves for simultaneous D.T.A. and thermogravimetric analysis at 
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Bezzi 

1-0 Gilbert & Levi 
Menzel et al 
von Stackelberg et el 
Thiel & Siebenbeck 


Boiling point of 
saturated solution 
at 1 atmosphere 


0:5 


Authors, derived from 
solubility data and 


; vapour pressure 
0:2 relations 


0-1 


P| Do 


0:05 


0:02 


0-01 


0-005 


6) 100 200 300 400 
Temperature (°C) 


Fic. 11.—Relative vapour pressure and temperature relations for the saturated solutions in the 
system H,O0-B2O3. Experimental points are marked same as in Fig. 10? 


atmospheric pressure are shown in Fig. 141°°; similar studies have been made at re- 
duced pressure.°® Boric acid has been suggested as a standard material for calibrating 
thermogravimetric balances.°° The activation energy for the dehydration of boric 
acid has been estimated from thermogravimetric studies as 10-119? and 1431°° kcal/mol. 
The merits of such methods have been critically reviewed.*? 

The use of organic liquids as a means of controlling the temperature during dehydra- 
tion of boric acid and removing the water by azeotropic distillation has received | 
considerable attention.°° 1°° 1°&-8 The process is often carried out in two stages, and 
it is claimed that the rate of the process is controlled by the diffusion rate of water 
through the boric acid particles.°% °° 1°? Dehydration of orthoboric to metaboric acid 
in this way was found to be of zero order with respect to orthoboric acid at high 
temperatures and with finely ground powder.**° 

Because hydration or dehydration is part of the volatilization process for the boric 
acids, the presence of water from an outside source, such as a steam generator or 
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0 
16 atm. 4 atm. 1atm. V4 atm. ”6 atm. Vea atm. 


Fic. 12.—Phase relations in the system B,0;-H.O° 


simply the solvent water of a dilute solution, can have a pronounced effect on their 
volatility. In this same sense, the total pressure, to the degree that it involves water 
vapour, also has a strong effect. These factors have special significance for nuclear 
reactors, where boric acid solutions are used as ‘nuclear shim’, and for analytical 
chemistry, where it may be desirable to evaporate solutions of boric acids. 

There has been controversy over the potential for loss of boric acid during evapora- 
tive procedures in analytical chemistry. Some workers?!°-1% have maintained that there 
is no loss of boric acid. The true situation appears to be that described by Feldman,!!4 
who pointed out that the loss of boric acid was only 5% when 50% of the solution had 
evaporated, but increased as evaporation proceeded. Kronstrikin and Korovin!25 
have explained this on the basis that the distribution of boric acid between solution 
and steam is in accordance with the expression: 


C,/C, = K (a constant) 


with K=0-005. Thus if V kg of solution is evaporated to form D kg of vapour per 
hour, then in ¢ hours the loss of boric acid is given by: 


B=’-DrKCy 
The relative loss of boric acid for small amounts of evaporation is given by: 
LS DIiKC, /¥OS DRY 


This expression indicates that 1 kilogram of solution boiled for 1 hour at a rate of 
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1:0 


aS = 
720 


ae 


—40F %H,0(g)+%B03(1) > HBO, (g) 
AHS = +42 3kcal/mole 


6:5 7-0 75 8-0 85 90 9:5 
Y, 4 O* 


Fic. 13.—Plot of log K vs 1/T for reaction: 
4H2O(g) +4B20;(1) — HBO.(g)?® 


Temperature (°C) 


6) 20 40 60 80 100 120 
Time (minutes) 


Fic. 14.—Simultaneous differential thermal analysis and gas liberation curves for boric acid, 
H3BO3?°° 


Refs. p. 311 


252 Boron 


0-2 kg/hour will lose 0:1% of its boric acid. However, when Dt is of the same order of 
magnitude as V, i.e. when much of the solution is evaporated, the expression becomes: 


L = 1-{V/V— Dt)}}-*® 


Under these conditions, the loss of boric acid is not negligible, and (so long as solid 
boric acid is not deposited) it is possible to volatilize most of the contained boric 
acid. 

Russian workers have investigated the problem of the volatility of boric acid in 
steam over a wide range of pressures. They have also studied the effect of the presence 
of other salts or acids. The consensus seems to be that the distribution constant, K, 
relating the concentration of boric acid in the solution and in the vapour, varies as an 
exponential function of the densities of liquid and vapour, as in the expression: 


Ka = Cal, = (Pv/pw)” 


This type of relationship holds for the distribution of a number of inorganic salts 
between solution and vapour phase, with water as the major constituent. Although 
there is agreement as to the form of the relationship, there are differences as to the 
value of the exponent, 7. Styrikovich and co-workers favour the value 1-1 to 1-211% 18 
or 0°885.119 Others suggest 0-912° 121 or 0-88.122 Figures 15 and 16 show the results of 
Tskhvirashvili et al.t?° and Styrikovich et al.11° Additional studies have been made 
under a variety of conditions.123-3° 198. 10 416, 417, 418 The effect of pH on the distribu- 
tion constant is illustrated in Fig. 17, taken from Tskhvirashvili et al.12° which shows 
that although the volatility is reduced in more basic solutions, there is still a significant 
effect. 
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Fic. 15.—Distribution coefficients for boric acid as functions of the ratio densities of the 
water phases!?° 
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Fic. 16.—Variation in the solubility of boric acid in saturated steam with its content in water 


at the following pressures (in atm): 


ST gerard aaa (3) p=5; (4) p=7; (5) p=10; (6) p=40; (7) p=80; (8) p= 100; (9) p= 150; 


(10) p=2 


Fic. 17.—Variation of the apparent distribution coefficient K%,,, of boric acid as a function of 
the pH of the water at a gauge pressure of P,=10 MN/mz. Substances added to the water: 


x—NaOH; O—NasPO,.; @—Ca(OH).2’”° 
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Boric acids have been proposed as materials to regulate the partial pressure of water 
vapour in semiconductor devices.*?!’ 1°? Several investigators have studied the boron/ 
chlorine ratio in the atmosphere as a means of following the volatilization from the 
oceans.'°%-° They have concluded that the boron results from a true evaporation, 
rather than from aerosol formation. Others have considered the effects of pH?*® of 
basin waters on the relative evaporation of boric acid and water, and the effect of boric 
acid on the evaporation of natural brines.1?” 


AQUEOUS SOLUTIONS OF THE BORIC ACIDS 


Solubility and its Effects 


The solubility of boric acids in water is actually represented by a portion of the 
larger system B,O;—-H.O, as illustrated in Fig. 1,1 covering the system at atmospheric 
pressure, and Fig. 12,° covering the system at elevated pressures; Benrath**! presents 
additional data at elevated pressure. 

The solubility of orthoboric acid in water at atmospheric pressure is a subject of 
special interest, which has been reported on and reviewed by a number of authors.®?’142-5 
The most recent results’*° are summarized in Table XV. Earlier studies are summarized 


Table XV.—Solubility of 
Orthoboric Acid in Water**® 


‘Femp:°C Wt % H3BO3 
— 0-76" 2°466 


0 2:52 
5 2:98 
10 3-49 
15 4:08 
20 4:72 
fags 5:46 
30 6:23 
35 7-12 
40 8-08 
45 OZ 
50 10-27 
55 bisdS 
60 §297 
65 14-42 
70 PS:75 
75 17-41 
80 19-10 
85 21:01 
90 Oe | 
pe) Pie #5 
100 21°53 
103°3° 29:27 


* Cryohydric point. 
» Boiling point. 


in Mellor.®? The solubility in water is affected by the presence of other compounds, 
sometimes being increased and sometimes decreased. The effect of sodium oxide, 
the most common additional component (present as borax), is discussed by Nies and 
Hulbert,**° also in this volume, Section A9. The effects of other materials are discussed 
later under individual systems. 

The rate of solution of orthoboric acid in water was investigated,!*® 147 and found 
to increase in the presence of a surface-active agent.1*’ The supersolubility limit 
(T;—T.), where 7; is the saturation temperature and 7, is the temperature of spon- 
taneous crystallization, has been determined?*®: 149; the results are shown in Table XVI. 
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Table XVI.—Super Solubility Limits for 
Boric Acid 


(Ref. 148) 


8-7 
10-2 
125 


The heats of solution of the boric acids in water have been studied by a number of 
workers,*’*°°-* and found to be endothermic. The results for orthoboric acid to form 
H3BO3,500H2O are summarized in Table XVII. The dependence of the molar heat of 
solution on molality (m) was found to fit the expression: 


MH = 234 e- 1230 4 5973 — 53m (in cal/mol)15? 


This heat, of course, involves varying contributions from the heat of ionization, which 


Table XVII.—Heats of Solution of 
Orthoboric Acid in Water 
H3BO4,.) ate 500H,O mee H3BO3.500H2O 


AH kcal/mol Reference 
+ 5-3 3 
+5:1+0-05 151 
+ 5:27 153 
+5:17+0-04 154 
+5-:26+0-05 150 
+5-45+0-02 152 


are not large. For the metaboric acids, the heats of solution involve a heat of reaction 
to form orthoboric acid; Kilday and Prosen?°° find the following: 


HBOsz (c, III) + 1501 HzO + H3BO3 (1500 H.O); 4H = 0-447 + 0-045 kcal/mol 
HBO, (c, If) +901 H2O — H3BOz3 (900 H2O); 4H = 1-:752+0-053 kcal/mol 


They also measured the heats of solution in aqueous sodium hydroxide to yield solutions 
of sodium metaborate. Sokolova and Skuratov?®® also studied the heat of solution in 
water, and find; 


HBOgz (c, II)+ (1+ 1) H2O — H3BOz3 (nH20) 

(n = 700, 4H = 0-46+0-01; n = 400, AH = 0-47+0-01 kcal/mol). 
HBO, (c, II) i (n+ 1)H,O > H3BO3(nH2O) 

(n = 500, 4H = 1:76+0-01 kcal/mol). 


An enthalpy—concentration chart for the system boric acid—water has been pre- 
pared.*®? The effect of the presence of other salts on the heat of solution of orthoboric 
acid is illustrated in Fig. 18.1°° The heat of dilution of boric acid solutions has been 
studied at 18° and 25°C}5”; the results are summarized in Table XVIII. It is seen that 
the heat increases with increasing concentration. Enthalpy of dilution varies linearly 
with molality to infinite dilution.*!1 One additional value at still higher concentration 
is available as 68-3 cal/mol for dilution from 0-925 M to 0-006 M.1°8 The isobaric heat 
capacities of dilute aqueous solutions have been determined.?°” 424 

The critical temperature of a 0-65 M boric acid solution is 386°C, an increase of 
12:3°C over that of pure water.15° 176 
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H(kcal / mol) 


me 05 10 15 2:0 25 3-0 
Molar concentration (H3,BO;) 
Fic. 18.—Effect of other salts on the heat of solution of orthoboric acid15® 


Table XVIIT.—Measured Intermediate Heats of Dilution of Aqueous 
Solutions of Boric Acid at 25° and 18°C}*" 


4H 
(cal/mol acid) 


Cfinal 
(mol/litre) 


Cinit - 
(mol/litre) 


The density of aqueous boric acid solutions was studied at atmospheric pressure at 
temperatures of 16-9°, 20°, and 30°C for a range of concentrations?®°; the results are 
summarized in Table XIX. These data were used to derive the following relationship 
between density and temperature: 


di = d2°{1 +a(t—20)} 


where « is the coefficient of expansion, also shown in Table XIX. The density of the 
binary B203—H2O liquid system with concentrations of from 4:9 to 83:0 mol-% B2O3 
has more recently been measured, and the mean volume expansivity has been cal- 
culated.*12 The molar volume and the expansivity of this system are compared with 
those of other binary borates. The experimental results suggest a change in the boron- 
to-oxygen coordination number between the 3B203,H2O and B20O3,H.2O compositions. 
The thermal expansivity of this system shows a different trend from those of alkali- 
borate melts. Densities of the solutions in the B2.03;-H2O system have been determined 
in the range 200-550°C.*1% 

The partial molal volume of boric acid in water has been investigated over a much 
wider range of temperature and pressure.?®! The results are shown in Fig. 19, in which 
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Table XIX.—Density of Boric Acid Solutions'®° 


Cubic expansion coefficient 


Wt % Dr [DEN DY 
H3BO3 a a 
16-9°-20° 20°-30° 

0°356 - 0-99973 — — — 
0-892 1-00217 1-00137 0-99872 — 2-60 — 2°65 
1-736 100568 1-00504 1-00227 — 2-06 — 2°88 
2:174 — 1-00584 — — 
2:768 — 1-00809 — — 
S193 — 101184 1-00893 — 2°88 
3-894 — 1-01223 — — 
4-599 — 1-01489 1-01175 — 3-09 


f° (cm3/mol) 


—10 


=20 
0 20 40 60 80 100 120 140 160 180 200 


Temperature (°C) 


Fic. 19.—Variation with temperature of the partial molal volumes, ¢°, of (A) boric acid, (B) 
potassium chloride, and (C) barium chloride, A. von Endredy’s results?®! 


the behaviour of boric acid (essentially non-dissociated) is contrasted with that of the 
electrolytes KCl and BaClg. The partial molal volume is found to have no significant 
variation for concentrations ranging from 0-1 to 0-5 M, and is equal to the crystal 
molal volume at approximately 55°C, the temperature corresponding to maximum 
molal volume for many electrolytes in aqueous solution. Following a similar subse- 
_ quent study, boric acid solute was said to behave as a ‘structure breaker’.*®* The molal 
volume of boric acid in aqueous sodium chloride was found to be a linear function of 
concentration*®*; sodium chloride appeared to dehydrate H3BO; and increase 
B(OH)3—B(OH), interactions. 
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Table X X.—Electrical Conductivity of Aqueous Boric Acid Solutions 


40°C 


Molar conc. X (10°) Ref. 166% 
H3BO3 ——_—_———————_—-—__———_ 
Ref. 166° | Ref. 167 Ref. 166 Ref. 167 X x 105 Axio 

0-0279 1-575 5-645 _ — 
0-0561 2°395 4-269 — oo 
0-0830 2:797 3-370 — —- 
0-100 — — 0:51 5-1 
0-1122 3222 —- 2:°872 a a= 
0-1250 3-431 2°745 — 
0-250 — — 1-0 4-3 
0-259 8-75 — 3-378 _- — 
0-424 18-25 4-304 —- _— 
0-500 — , — 322 6-4 
0-6020 32:28 5-362 — — 
0-75 — 6:5 8-6 
1-0 11-5 11-5 
1-25 17-6 32 


* Values from ref. 166 are corrected for solution viscosity, those from ref. 167 are not. 


The electrical conductivity of aqueous boric acid solutions has been studied at 
18°C'®S: 187 and 40°C?°°; the results are shown in Table XX. The significance of these 
measurements in understanding the state of boric acid in aqueous solution is discussed 
below under ionization. The polarographic behaviour of boric acid solutions has been 
attributed to the hydrogen ion produced by acid ionization.*9® 7°° Electric conductivity 
was measured over the whole composition range of H2zO-—B.2Oz in the liquid state.*!4 
A peculiar conductivity-temperature relation was observed at low-to-intermediate 
B.O3 contents. The equivalent conductance of H3BOs3 increases with its content in this 
range. Both the concentration of protons and its mobility through the proton-jump 
mechanism seem to change with the composition. The comparison of the results in the 
B.O3-rich range with those of alkali borates indicates a low extent of dissociation of 
the -B—O-H group.*!* 

The dielectric constant of aqueous solutions of boric acid has been measured as a 
function of concentration.1®* The observed values show a minimum with concentra- 
tion, as was also observed for other solutes studied. The results are illustrated in Fig. 20 


82 
80 
78 
76 
74 
ip 
70 
68 
66 
64 
62 


Dielectric constant 
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Fic, 20.—Dielectric constant of aqueous boric acid solutions!®® 
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Table X Xa.— Dielectric Constant of Boric Acid Solution'®® 
Boric Acid H3BO3 


Normality 


é 
corrected 


Series I 
0-00 0-00000 Acre 2°48 1-000 80-0 80:0 
0-10 0:00485 21:8 2°38 0-960 76:8 717-0 
0-15 0-00728 21:8 2:36 0-952 76:2 76:4 
0-20 0-00970 21°6 2°31 0-931 74:5 14:6 
0:25 0-:01213 21:6 2:13 0-859 68-7 68:8 
0:30 0:01455 21:4 2:03 0-818 65:4 65-3 
0:40 0-:01940 21:3 2:45 0-988 79:0 78:8 
0-50 0-:02425 21:4 2°48 1-000 80-0 79:9 

Series IT 
0-00 0-00000 21:2 0:679 1-000 80:0 80:0 
0-10 0:00485 21:8 0-653 0-962 77:0 77:5 
0-15 0:00728 21:8 0-648 0:954 76:3 76:8 
0-20 0:00970 21:6 0-635 0-935 74:8 75-1 
0:25 0-01213 21-6 0-598 0-881 70:5 70°8 
0-30 0-:01455 21:2 0:559 0-823 65:8 65:8 
0-40 0-01940 21:0 0-655 0-965 Ree 77:0 
0:50 0-02425 21:2 0-678 0:998 79:8 79:8 


and Table XXa. They were interpreted’® as indicating that in the concentration range 
near the minimum, most of the water molecules are held oriented in sheaths about the 
ions; for boric acid it is suggested that 183 molecules of water are bound per mole of 
boric acid and 1900 molecules per unit ionic charge. More recent measurements?”° 
were originally interpreted as measuring the rate of the ionization process. However, 
this conclusion was disputed,’’? and it appears that the initial results could not be 
confirmed.'”2 

The thermal diffusion of boric acid in aqueous solution has been studied.?”*-° The 
results of Oholm are summarized in Table XXI. The thermal conductivity of aqueous 
boric acid solutions has been measured.*1° 

Viscosity data for boric acid solutions have been reported.**% +?° 


Table X XI._—Thermal Diffusion 
Coefficients of Boric Acid*"° 


Normality k 20°C 
0-05 0-954 
0-1 0-876 
0-5 0-826 
1-0 0-816 
js 0-813 


Ionization in Aqueous Solution 


It is well established that boric acid functions as a very weak acid in aqueous solution. 
However, the variation of pH with concentration indicates more complicated behaviour 
than that of a simple weak acid. Consequently a discussion of the ionization behaviour 
leads inevitably to considerations of the mechanism of ionization and the state of boric 
acid in aqueous solution. 
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Early studies of the interactions of boric acid solutions with acid-base indicators are 
discussed in Mellor.®? Prideaux and Ward?!”" measured the apparent dissociation con- 
stant of boric acid in various borate buffer solutions using a hydrogen electrode. They 
calculated an apparent ionization constant using the equation 


k = Rh/A-—R) 


where R is the ratio of equivalents of alkali to moles of acid. 

In mixtures of borax and boric acid, k varies inversely with R, but the addition of 
sodium chloride increases k. In borax—boric acid mixtures k ranged from 3:6 to 
6°5 x 107°. 

From potentiometric titration studies using concentrated boric acid solutions and 
concentrated sodium hydroxide solutions, Hahn and Klockmann??® calculated ioniza- 
tion constants for three stages of ionization to be 


Ky = (73x 10-2\(filfon), Ke = (1-8 10-?2\(falfow), 
and 


Kz = (1:6 x 10° **)(fe/fou), 


where fi, fo, and fs are the activity coefficients of the appropriate anion and foq is the 
activity coefficient for the hydroxide ion in the solution. 

Kolthoff2®* 178-®° investigated the ionization by indicators and by electrical con- 
ductivity. From the electrical conductivity of 0:5 M boric acid solution he calculated 
an ionization constant of 8-45 x 107 9.178 He also studied the effect of 0-5 M boric acid 
solution on the electrical conductivity of strong electrolytes and organic acids!’® and 
found a decrease in the ionic mobility of about 5-6% in all cases. Through the use of 
colorimetric indicators?®* he showed that in boric acid solutions the increase in hydro- 
gen ion concentration with increasing boric acid concentration is greater than would 
be predicted from the ionization constant. He calculated ionization constants at 18°C 
and 40°C from the electrical conductivity values shown in Table XV, and at 60°C from 
e.m.f. measurements obtained by using a hydrogen electrode with a quinhydrone 
reference electrode. These values are summarized in Table XXII. He interpreted the 


Table X XII.—Ionization Constants of Boric Acid Solutions'®® 


Molarity 18°C 60°C 
H3BOs; 
0-1 46x 10° 64x10. 7° 
0-25 20510" = 
0:5 LISsc107=° 14-4 
0-75 408 x 107 1° ~— 
1:0 — 116 
125 aa 
1-5 564 x 107 7° 


results as indicating the formation of tetraboric acid (assumed to be a stronger acid) 
at concentrations above 0-1 M, and therefore the constant at 0-1 M applies to mono- 
meric orthoboric acid. He found boric acid forms stable complex acids with organic 
hydroxy-acids!”° (see below). Kolthoff and Bosch!®° measured electrical conductivity 
and pH for mixtures of boric acid and sodium hydroxide at 18°C and 60°C. They found 
that in boric acid—borate mixtures with a large excess of boric acid over borate the pH 
increases abnormally on dilution, whereas in mixtures with a large excess of borate 
the pH decreases on dilution; for borax solutions the pH remains essentially constant 
on dilution. From these measurements they conclude that the best values for the ioniza- 
tion constant of orthoboric acid are 5:5 x 10~ 1° at 18°C, and 10:6 x 10~1° at 60°C. 

From studies of the preparation of air-stable, alkaline buffer solutions from ortho- 
boric acid, potassium chloride, and sodium hydroxide, Fawcett and Acree?®? conclude 
the ionization constant of boric acid to be about 7:5 x 1078. 
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Owen?? determined the ionization constant of boric acid over a range of temperatures 
from cell measurements, using a cell of the type 


H.|HA(m), MA(mz), MCl (m3)|AgCl,Ag 


His results are summarized in Table XXIII, showing the ionization constant and heat 
of ionization from 10° to 50°C. Jenkins+®” fitted Owen’s data to the equation: 


Log K = (140,600/7) + (125,782 log T/T) — (29,371 log? T/T) + 21-5980 


Branch ef¢ al.18* determined the ionization constant of boric acid in water and in 
25% by volume alcohol—water to be 6:53 x 10~+° and 1-34 x 10~?°, respectively. 


Table X XIII.—TIonization Constant and Heat of 
Ionization for Orthoboric Acid+*®? 


Kx 10** AH (cal) 


4-17 


Schafer and Sieverts!** investigated the increase in ionization of boric acid solutions 
produced by the presence of neutral salts. They used a potentiometric titration tech- 
nique applied to 0:0925 M boric acid solutions with up to 5 M neutral salt concentra- 
tions at 18°C. They found the increase in ionization depended upon the cation of the 
neutral salt, as shown in Table XXIV, summarizing the apparent ionization constant 


Table X XIV.—Apparent 
Ionization Constant of 
Orthoboric Acid in 2 M Neutral 
Salt Solutions'®* 


of boric acid in 2 M salt solutions. The effect of Ca?* in enhancing the ionization is 
sufficient to allow boric acid to be titrated as a strong acid (using methyl red indicator) 
in saturated calcium chloride solution. 

Owen and King!®> have studied the influence of sodium chloride concentration on 
the ionization for concentrations ranging from 0-02 to 3 M at temperatures from 5° to 
55°C using the cell technique described previously.1®? They have calculated ionization 
constants as summarized in Table XXV, and the associated thermodynamic quantities 
summarized in Table XXVI. Mesmer and Baes measured boric acid—borate equilibria 
in aqueous potassium chloride by a concentration cell technique.*°° 
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Table X XV.—Smoothed Values of —\og K* for Boric Acid in M-Molal 
Sodium Chloride Solutions+®° 


t° | M=0-00 0:02 0:07 3-00 

5 9-438 9-318 S251 9-005 
10 9-380 9-260 9-180 8-956 
15 9-328 9207 9-127 8-908 
20 9-280 9-158 9-078 8-863 
25 925i 9-114 9-034 8-820 
30 9-198 9-074 8-994 8-779 
35 9-163 9-038 8-957 8:739 
40 9132 9-006 8:924 8-701 
45 9-104 8-978 8:895 8-665 
50 9-081 8-952 8-869 8-630 
ee: 9-060 8:931 8-846 $597 


Table X X VI.—Thermodynamic Changes Accompanying the 
Ionization of Boric Acid at Infinite Dilution in M-Molal 
Sodium Chloride Solutions at 25°C 


AF°* 


0-00 1 i 3346 47:9 31-04 
0-02 12,430 3415 45:3 30:24 
0-07 12,320 3436 42:5 29-80 
0:36 17,825 3413 34-9 29°22 
0-725 12,044 3365 29:5 2012 
1:25 11,998 3323 23:6 29-10 
2:00 11,990 3326 16:5 29-06 


12,029 


Table X XVII.—pK and Ionization Constants for 
Boric Acid from 0° to 60°C 18° 


Temperature °C pk Kx 107° 
0 95082 3-10 
0 9:5074 3-11 
5 9-4374 3-65 

10 9-3785 4-18 
15 9:3255 4:73 
20 9-2780 5-27 
25 9:2342 5-83 
25 9-2337 5-84 
30 9:1947 6:39 
35 9-1605 6:91 
40 9-1282 7-44 
45 9:1013 7:92 
50 9:0766 8-38 
55 9:0537 8-84 
60 9-0310 9-31 
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Fic, 21.—Variation of the thermodynamic ionization constant of boric acid from 0° to 60°C 
(closed circles).1®° (The open circles represent the data obtained by Owen?®?) 


Similar measurements have been made at the U.S. Bureau of Standards.18° Their 
results for the ionization constant are summarized in Table XXVII and illustrated in 
Fig. 21. They find that the following equation for the ionization constant 


pK = 2237-94/T+0-0168837— 3-305 


where 7=temperature in °K, reproduces the observed values of K to +0-001 unit 
except at the two extreme temperatures, where the discrepancy is about 0-006 unit. 
They present the following equations for thermodynamic quantities associated with 
the ionization process at infinite dilution: 


AF° = —RTInK = 2:30259 RTpK = 42,836 + 0-032315 T?— 63-264 T 
AS = —(@AF/@T), = —0-64631 T+ 63:3 

AH® = AF°+TAS°= 42,836 —0:32315 T? 

AC, = (@AH?/aT)5 = —0-64631 T 


I 


They have also studied borax buffer solutions containing varying amounts of sodium 
chloride??* with results summarized in Table XXVIIa. 

Carpeni and co-workers investigated, over a period of years, the ionization of boric 
acid solutions.1®8-°? They pointed out that the titration curves of boric acid solutions 
containing different concentrations of boric acid (but of constant ionic strength) all 
cross at acommon point; that is, the curves are displaced in different directions at high 
and low pH regions.?®* This common intersection was defined as the isohydric point, 
that is, the point at which pH is independent of dilution.1®° The existence of this point 
(which was also observed for molybdic acid and germanic acid solutions) was inter- 
preted as indicating the presence of a single equilibrium between two species, and two 
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Table XXVIa.—Values for the Constants from 0° to 60°C in the 
Equations pK’ = pK + C Mo and pK’ — pK oF D Mporax = E Macax ate 


baie ie Mporax = 0-01 Mporax = 0-025 Mc1=0-01 
pKo GC pK6 c pKé D E 

0 9-522 — 0-23 9-545 —0-22 9-509 1:3 17. 
= 9-450 —0:22 9-479 — 0:21 9-440 1-2 16 
10 9-388 — 0:21 9-417 — 0-20 9-381 1-1 1S 
15 9-336 — 0-20 9-360 —0:19 9-328 1:0 14 
20 9-287 —0-19 9-308 —0-18 9-280 0:8 14 
25 9-241 —0-18 9-259 —0:17 9-235 0:7 14 
30 9-201 —0-17 9-222 —0-16 9-196 0:7 11 
35 9-167 —0:16 9-187 —0-15 9-161 0:6 11 
40 9-134 —0:°16 9-155 —0-14 9-129 0-6 9 
45 9-108 —0-15 9-122 —0-13 9-102 0-6 i 
50 9-082 —0-14 9-094 —0-12 9-078 0-5 6 
I 9-059 —0-13 9-072 —0-11 9-054 0:5 5 
60 9-038 —0-12 9-049 —0-:10 9-033 0:5 4 


pK’=apparent ionization constant. 


only.+89-93 At 20°C the isohydric point was found at pH 8-95 and was interpreted as 
corresponding to the equilibrium?*?: 


K(H2BO3) = K2(HBsQg), 


with no evidence for tetraborate. The implications of this equilibrium for the structural 
behaviour of borates (solid and dissolved)!9? and the stability of the pentaborate in 
solution are discussed.19° The significance of the isohydric point has been disputed by 
Souchay.1%4 

Ripan and Liteanu??® 19° have discussed the variation of pH with concentration in 
terms of mechanisms involving hydration of boric acid to form a strong acid, HgBOg, 
in concentrated solution. 

Stetten?9” concluded from studies of the titration of various concentrations of boric 
acid and the variation of pH with concentration that boric acid polymerized in solution 
to yield species containing 3-2 molecules of boric acid, on average, which are stronger 
acids than boric acid itself; a non-integral average polymerization number implies that 
more than one polymeric species contributes to the acidity, as pointed out by - 
Edwards.'9® Edwards measured pH in relatively concentrated boric acid solutions at 
25°C, as shown in Table XXVIII; values calculated from electrical conductivity measure- 
ments are shown in Table XX VIIIa.1®” Under the assumption that all polymers contain 
only a single ionizable proton, analysis of the results is consistent with the idea that a 
trimer and a hexamer are the imporant polymeric forms. Values of the ionization 
constants for monomer, trimer and hexamer at 25°C are summarized in Table XXIX. 
The calculated pH of aqueous boric acid solutions as a function of temperature and 
added base content has been described.*1° 

The effect of mono- and poly-hydroxy-compounds together with added salts has 
been studied by a titrimetric method.?°° In the presence of ethylene glycol the effects 
of added salts could be grouped into three classes: 


Considerable increase in ionization: LiCl, CaClez, BaClz, NaBr, NaI, Ca(NOs)e, 
Ba(NOsz)z. 

Moderate increase in ionization: NaCl, NaNOs, KBr, KI. 

Little increase (or decrease) in ionization: KNO3, NazSOu, K2SOx. 


The results are discussed in terms of salt effects on charge separation for tetrahedrally 
coordinated boron; when the cation is hydrated more than the anion the ionization of 
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Table XX VIII.—The Acidity of Concentrated 
H3BOx3 Solutions t= 25°C; No Added Salt*™ 


[HsBOs]o pH 
M 

0-753 3-69 
0:663 3-815 
0-603 3-92 
0-512 4-065 
0-452 4-16 
0-422 4-22 
0-361 4°35 
0-301 4-49 
0-241 4-63 
0-211 4-71 
0-1808 4-795 
0:1507 4-89 
0-1205 5-01 
0-0904 5:14 
0-0603 5-235 
0-0301 5:32 


Table X X VI]Ta.—Hydrogen Ion Concentration 
in Boric Acid Solutions as Calculated from 
Electrical Conductivity}®" 


Molarity H* x 10° 

H3BO3 

0:0279 4-59 
0-0561 6:98 
0:0830 8:16 
0-1122 9-39 
0-1250 10-00 
0-2590 25°51 
0-4240 ie Ey | 
0-6020 94-11 


Table X XIX.—lIonization Constants for Boric Acid and 
Polymers at 25°C} 


Series ‘C-D’”? 


Series ‘K 2 


Series ‘J’ 


Constant 


K 30x 10779 2:7x10-1° 7% 10-1° 
Kz 3-4x 10-8 3-1 x 10-8 13x 10-8 
1°5x10-7 1-4x 10-7 ~412 1077 


* No added salt; t=25-0°. 
>0-1 M K2SO,; t=25-0°; corrected for HSO; using 1-1 x 10~? as the 
acid ionization constant for HSO7;. 


boric acid is increased, and when the anion is more strongly hydrated the reverse is 
true. Other workers have also studied the ionization of orthoboric acid in glycerol.*% 

_ Antikainen?°? 2°? has studied the ionization of boric acid by potentiometric measure- 
ments. His interpretation of his own and Edwards’s?*8 results is in terms of the forma- 
tion of a trimer and a tetramer of boric acid. He concludes that high concentrations of 
electrolytes and small concentrations of boric acid favour formation of the trimer, 
while low concentrations of electrolyte and high concentrations of boric acid favour 
formation of the tetramer. His results for pK, in sodium perchlorate solutions are 
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Table XX X.—Boric Acid Ionization at 25°C? 2°? 


Pure boric acid | 0-1 M NaClo, 3 M NaClo, 


onde a 8-90 
i 6-725 
6-840 =f 


pK, 


A, = [H*)][B~]/{HB], Ks = [H*][Bz]/[HB]°, Ks = [H*][Bz ]/[HB]*. 


Table XX Xa.—Apparent Ionization of Boric Acid 
in Salt Solutions?” . 


Molarity 
Salt H3sBO3 pk* 
KCl 0:04980 0:2076 8-664 
0:04984 0-2781 8-427 
0:04978 0-4170 7-962 
0:04977 0:5282 7:674 
0-04985 0:7770 7:216 
0:09980 0-2078 8-595 
0-09950 0:2766 8-318 
0-09950 0-4176 7:913 
0:09973 0:5281 7-610 
0:09769 0:7766 7:145 
NaCl 0-3980 0-4170 7:839 
0:3984 0:5278 7-527 
0:3981 0:7450 7:078 
0:3982 0-7771 7:028 
0:9926 0-4025 7:767 
0:9956 0:5276 7-425 
0:9967 0-7459 7:013 
0:9953 0:7725 6:954 
1-492 0-2781 8-062 
1-492 0-4090 - 7-699 
1-486 0:5275 7-381 
1-494 0-7714 6:915 


summarized in Table XXX, and for sodium chloride solutions in Table XXXa. In 
similar studies Mesmer and Baes observed a reduction in the amount of polymeriza- 
tion as temperature increased.*°° 

Lourijsen—Teyssedre?°? finds an ionization constant of 2x 10~° from pH titration 
studies extrapolated to infinite dilution, and interprets these results plus cryoscopic 
studies at the transition point of sodium sulphate, and studies of the partition of boric 
acid between water and alcohol, as indicating the presence of HBO2, BOz, Bs;O;, and 
B,O2~- in the aqueous solutions. 

Sadek and Tadros?°* studied the optical density of mixtures of hydrochloric acid 
and orthoboric acid tinted with thymol blue, and also studied the pH of solutions of 
hydrochloric acid and orthoboric acid.2%*: 29> They conclude that their results indicate 
that the reaction 


H3;0* +HsBO3 = H4zBOZ +H2O 
occurs in the solutions, with an energy equal to 0-524 eV for the transfer of a proton 
from water to boric acid. In a later publication they revise the value to 0:0683 eV.?° 


Ingri and co-workers have studied the ionization of orthoboric acid under a variety 
of conditions by potentiometric techniques.?°°° In general their measurements were 
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carried out in either sodium perchlorate solution to maintain constant ionic strength 
or in mixtures of sodium perchlorate and sodium hydroxide to maintain constant 
Na* concentration. In 3 M NaClO, solution at 25°C they conclude from measure- 
ments on orthoboric acid concentrations between 0-01 and 0:6 M?°° that the results 
are best interpreted in terms of the formation of B(OH); , B303(0H); and B3;03;(OH)2- 
as the principal anions. The ionization equations and associated constants are sum- 
marized as follows?°: 


B(OH)3+ H,O0 = B(OH); +H?*; log Ki1 = —9-00+0-05 
3B(OH); = B303;(0H); +H*+2H20; log Kis = —6°84+0-10 
3B(OH)3 = B303;(0H)?~ +2H*+H2O; log Kes = —15-44+0-20 


(In reference 209 log Kes is changed to — 12:00+ 0-20.) 
As an alternative, the last equation may be replaced by 


4B(OH)3 = BzO.(OH)§~- +2H*+H20O; log Kos = — 15-71 40-20 


(In reference 209 log Ko, is changed to — 13-78 + 0:20.) 

From additional measurements in 0:1 M NaClO, at 25°C?°” Ingri feels that the data 
between 0:01 and 0-2 M orthoboric acid are best explained in terms of the above 
equilibria, but at higher (0-4 M and 0-6 M orthoboric acid) concentrations an addi- 
tional polynuclear complex, either B;0;(OH); or B5;0.(OH); is required; he prefers 
the latter. The formation constants for these conditions are summarized in Table XXXI. 


Table XX XI._—Equilibrium Constants, *Bpq, with the Errors, 3 0, Obtained by Using 
the Least Squares Programme LETAGROP on Data for Equilibria in Borate Solutions.?™ 
(The complexes AB~ (*8,), AB; (*Bi3), ABs (*81s) or AB; (*814) are formed from boric 
acid, B. All points have been given the weight, w=1. B stands for B(OH)3.) 


3 M Na(ClQO,) 0-1 M Na(ClO,) 
Reaction 
~ ABZ ~ ABS ~ AB; ~ ABS 

B+H.0 = B(OH) +H*t 

—log *8:+30= 9:00 + 0-018 9:00+ 0-015 8:98 + 0-009 8:98 + 0:006 
3B+H.0 =B;(OH)~ +Ht 

—log *Bi3+30= 6:94+0-051 6:91 + 0-028 7:36+0-042 7:29 + 0-015 
4B+H.O =B,(OH)~ +Ht 

—log *Bi4+30= 6:96+0-180 — 7:14+0:108 — 
5B+H,0 —B,(OH)- +Ht 

—log *Bist30= 2s: 6:62 +0-156 my 6:77 +0-102 
Standard deviation in Z, 

o (Z)= + 0-:0024 +0-0021 +0-0016 +0-0011 


The results of 4B nuclear magnetic resonance studies yield values in good agree- 
ment with these values. Figure 22718 illustrates the distribution of boron among the 
various ions as a function of pH. 

In studies using the ‘self medium’ method??°-!2, involving the acidification of con- 
centrated solutions of B(OH); ions, the reaction 


q B(OH); +pH.O = H,B(OH);z,!*? 


was examined. The acidification was followed to the point where an average of 0:05 H* 
ions were bound to each B(OH); (assuming no hydrolysis). The results of these studies 
are summarized in Table XXXII.2°° Measurements were also made in 3 M NaBr, 
LiBr and KBr at orthoboric acid concentrations between 0-01 and 0:4 M. It was con- 
cluded that the principal species are B(OH)3, B(OH)z, Bs303(OH),, BsOs(OH)z~ 
and small amounts of B;0,(OH)z; and B303;(OH)2~, except that there is no evidence 
for the last species in 3 M KBr. These last results are summarized in Table XXXIII. 
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0:80 


0:60 
a _ 
B303(OH)a 
0:40 
0.20 
BsOs(OH)a 
0 
10 8 6 4 2 0 


—log[OH | 


Fic. 22.—Distribution of boron between different ions. At a given log (OH 7), the fraction of 
boron, «, present as a given ion, is represented by the segment of a vertical line falling within 
the corresponding range. Boric acid=0-400 M??8 


Table XX XU.—Equilibrium Constants of Polyborates in B(OH); -medium?°® 


o(Z) log Bi t30 log Bos +30 


log Bos +30 


0-6 +0-0020 5-227 + 0-008 13-705 + 0-034 — 
+0-0009 5:344+ 0-015 14-021 + 0-087 11:59+0-13 

1:2 +0-0020 5:211+0-010 13-752 +0-043 — 
+0-0009 5:333+0-015 13-969 + 0-099 11:50+0-10 

Z5 +0-0025 5:217+0-009 13-709 + 0-036 — 
‘-+0-0015 5-289 + 0-027 13-878+0-111 11:06+0:27 

3-0 +0-0024 5:223+0:011 13-673 + 0-044 —_ 
5-271 +0-030 13-705 + 0-138 11:00+0-27 


+0-0016 


Mean values: 


5:225+0-015 
5:309 + 0-022 


8; = [B(OH), J[OH ]"*[B(OH)s]~* 


Boa = [BsOs(OH)2~ [OH] ?[B(OH)s]- * 
B23 = [Bs03(O0H)3~ [OH] *[B(OH)s]- * 


13-715+0:035 
13-893 +0-105 


11-29 40-19 


Using the mean values we may calculate the constants for acidification of B(OH); 


B(OH); = B(OH)3+ OH 


4B(OH); = B,O;(OH)3> +20H~ + 5H2O0 $3 
3B(OH); + B303(OH)27 +OH- + 3H,O log Kis = 
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log Ks {= — 339° 0.029 
=~ —7-17, £0-039 

log Kost ~ 7-343 0-109 
~4-64 £019 
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Table XX XIII.—Formation Constants for Borates in 3 M Na(ClO,), 3 M Na(Br), 3 M 
Li(Br) and 3 M K(Br)?°° 


(The constants and the errors have been obtained by using the least squares programme 
LETAGROP. In the table, 8; =[B(OH)z: ][B(OH)3]~ , LOH] ~*; B:s=[Bs0a(0H)s ][B(OH)3] -* 
[OH~]~*; Bos=[BsO;(OH)3~ ][B(OH)s]~*[OH~]~?; B2s=[BsO3(OH)2- ][B(OH)s3]~ 3[OH] -2 
and so on. ) 

(In the first three calculations for Na(ClO.) mainly polynuclear complexes are considered 
and the B-range used >0-050 M and in the fourth calculation all data (62 points) at low con- 
centrations, B<0-050 M, and 58 points in the B-range > 0-050 M have been used. Calculation 
for data B<0-025 M (the mononuclear curve) gave log 8} +3c=5:24,+0-014.) 


Medium | Num- log Bi 
+360 
Na(ClO,) 5-275+0-021 | 7-54+0: Ap 12-09 +013 
3-0 M 5-28, +0:015| 7-47 +0-11 | 13-70 +0-08 Ass 
5-27, + 0-012| 7-41 + 0-07 | 13-5340-12| 11-67+0-24 
5-255 +0:014| 7:38 +0-08 |13-4540-13| 11-96-40-23 
Na(Br) 5-263+0-012| 7-48 +0: re 12:17+0-12 
3-0 M 5-265 +0011 | 7:26 +0-08 | 13-59+0-10 ra 
5-264 +0:009 | 7:35 40-06 |13-4340-12| 11-86+0-16 
Li(Br) 5-265+0-008 | 7-42 +0: ae 12:16 +0-10 
3-0 M 5-26; + 0-008 | 7:17 +0:09 | 13-57+0-10 nt 
5-265 40-005 | 7:29 40-07 113374016] 11-88+0-18 
K(Br) 5-105+0:013| 7:38 +0: 11-84+0-15 
3-0 M 5-10, +.0:010| 7:19 £0: oe 
5-105 +.0-010| 7:19 £0: =e 0.6o) 


6) 1 Z 3 4 5 6 7 8 
Csalt-out (M) 
Fic. 23.—Variation of the pK of boric acid with the concentration of salting-out agents.??* 


(1) Cesium chloride; (2) cesium iodide; (3) ethyl ether; (4) methanol; (5) potassium 
chloride; (6) sodium chloride; (7) lithium chloride; (8) calcium chloride 
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Frai and Ustyanovichova?1? measured pH and electrical conductivity at 20°C for 
solutions containing 0-01, 0-03 and 0:1 M orthoboric acid and from 0 to 0-4 M sodium 
hydroxide. They conclude that the first ionization constant is 6:2 x 107°. 

Vinogradov ef al.** conducted potentiometric titrations of 0-16 M orthoboric acid 
in the presence of lithium, sodium, potassium, cesium and calcium chlorides, cesium 
iodide, methanol and ethyl ether. Their results are shown as the variation of pK with 
concentration of additive in Fig. 23. 

The effect of pressure on the ionization of orthoboric acid in dilute solution in 
synthetic sea-water medium has been investigated.2!” The results, expressed as the 
ratio of the ionization constant at the measured pressure to that at one atmosphere 
pressure, are shown in Table XXXIV. Activity coefficients have been measured by 
isopiestic methods; indications were that boric acid behaves as a non-electrolyte.*24 


Table XX XIV.—Effect of Total Pressure on 
Boric Acid Ionization 


Kp/Ky atm 


1-25+0-01 
135001 
1:94+0-01 


yA 
437 


The rate of the ionization process in boric acid solutions is generally believed to be 
extremely high. It has been studied by polarographic techniques?! 22°, yielding a value 
of kz=1-:3 x 10~%/sec. Studies of dielectric dispersion!”° yielded a Value of kz=1:3 x 

10?°/(mol sec) at 35°C, but the data were found not to be reproducible.'”? Studies 
of the polymerization of borate ions by the ‘temperature jump’ method??® have yielded 
results consistent with the assumption that the ionization rate constant must be in 
the order of 10'° mol/(litre sec), as estimated?1® by von Smoluchowsky’s equation??? 
for the specific rate of a diffusion-controlled reaction between one charged and one 
uncharged species, as in the equation 


B(OH)3;+OH~ = B(OH); ; 


the equipment used could not, however, measure such high rates. 
The rates of polymerization of boric acid ions, studied by the temperature jump 
method?!8, have yielded values for the two polymerization reactions: 


2B(OH)3+ B(OH); — B303(OH)z; +3H2O; = kos. 
2B(OH)s3 sh B303(OH)a4 —> B;0,.(OH)z + 3H2O; Kaa. 


These are summarized in Table XXXV; the authors emphasize that the reaction for 
ke3 is doubtless more complex than indicated by the equation and could easily involve 


Table XX X V.—Over-all Rate Constants for Boric Acid 
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three discrete bimolecular steps. However, too little information was available to 
estimate the rate in any further detail. 

The rate of protonation of pyridine by various proton donors, including orthoboric 
acid, has been studied by polarographic techniques??° over a range of temperatures and 
concentrations. The rate for orthoboric acid is lower than that for the hydrogen ion 
or veronal, but higher than for water. The rate of protonation of the phenylglyoxylate 
anion by various proton donors was also studied polarographically?°?; the rate con- 
stant for orthoboric acid at 25°C was 6-38 x 10? litre/(mol sec). The rate of reaction 
of pellets of solid orthoboric acid with 0-05 N sodium hydroxide was studied under a 
variety of stirring conditions.?°° 

Bell et al.??? have provided an excellent discussion of the probable structures, acidity 
and ionization mechanism of boric acid solutions. They point out the following pos- 
sible ionization mechanisms, where N is any Brgnsted base, most probably water 


1. B(OH)3+N = BO(OH)z +HN* 
BO(OH); +H2O0 = B(OH); 

2. B(OH);+H.O = B(OH)3(OH>) 
B(OH)3(OH.)+N = B(OH)z +HN?* 

3. B(OH);+H,0+N = B(OH); +HN* 

4. HO+N = OH- +NH?* 
B(OH);+OH- = B(OH); 


It is not possible to select any of these as the most probable with currently available 
information. It seems clear, however, that the overall stoichiometry corresponds to 


B(OH)3+2H20 = B(OH); +H30* 


and that the coordination number of boron changes from three to four as a consequence 
of the ionization process. A study of the kinetics of proton transfer appears also to 
favour this equation.°°° The Raman spectrum of aqueous borate solutions is consistent 
with the presence of a tetrahedral ion®® ?2%-°, as is the +B nuclear magnetic resonance 
spectrum of borate solutions.®° 22° 227 The mechanism of formation of polymeric 
species is discussed in terms of the reaction of neutral orthoboric acid molecules with 
the tetrahedral borate ion to form polymeric ions, rather than the polymerization of 
boric acid followed by ionization of the polymer.®® 218 There appears to be no direct 
experimental evidence for the existence of unionized boric acid polymers in solution. 
Changes in the state of polymerization of borate ions in solution have been studied by 
means of infra-red absorption spectra.2°+ 


AQUEOUS SOLUTIONS OF BORIC ACID WITH ELECTROLYTES 


Boric Acid—Inorganic Acid Systems 


H;BO3;-HNO;-H2O. Trombe has studied the system B2O3;-HNO;-H20O, which 
includes the system with boric acids, at 30°C.?°° The results are summarized in Fig. 24. 
They indicate a minimum in the solubility in the neighbourhood of 30% nitric acid 
with some evidence that the solid phase is orthoboric acid. The solubility reaches a 
maximum for 91% nitric acid, and appears to represent an equilibrium with some 
form of metaboric acid. 


H;BO;-H2SO,-H20 (B20;-SO;—-H2O). The system of boric oxide with sulphur 
trioxide, with varying amounts of water, has received more attention than systems with 
other inorganic acids. Earlier work is reviewed in Mellor.®? Levi and Gilbert??” studied 
the system B203-SO3—H20 at 25°C and 45°C; they identified two new solid phases, 
B.03,S03,4H20 and 3B.03,SO3,3H20O, by the Schreinemaker’s method. They also 
measured densities of the saturated solutions. Their results are summarized in Table 
XXXVI and Fig. 25. 
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H,O te gees 40 50 6 I 80: 36 NO3H 
°NO3H 


Fic. 24.—The system Bz03;-HNO3-H.O at 30°C23¢ 


B203 


YO 


SO? 
Fic. 25.—The system B,03-SOs—H2O at 25°C?87 


Perova?*® has studied the system in greater detail in the water-rich region of com- 
position and over a range of temperatures. His results are shown in Fig. 26. Additional 
data on the solubility of orthoboric acid in the water-rich regions is provided by Ferris 
and Kibby,?°> and Scholle and Machacova?®?; the data of the last authors are shown 
in Table XXXVIa. 

More recently cryoscopic and electrical conductivity measurements in 100% 
sulphuric acid or dilute oleum?*® have provided convincing evidence that boric acids 
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Table XX XVI.—B203-SO3-H2O System?®" 


(25°C) 
Solutions Wet solids 
die: Composition (g/100 g) Composition (g/100 g). Solid phase 
SO3 B2O3 
1:017 0:00 3-08 
1-032 1:96 2°87 
1-039 2:90 2-79 
1-088 9-12 2°18 
1-112 11-85 2°00 
1-160 17°56 1°54 
1-270 28-82 1:04 
1:284 in 0:97 
1-305 78 0°87 
1-412 41-78 0-71 H3BO; 
1:446 44-44 0:68 
1-479 46:80 0-65 
53-94 1°46 
54-89 1-47 
1-625 55°84 2°69 
54-66 6:09 
54-16 7-17 
1°668 53°50 8-12 
55°74 7:70 
1:617 54-73 10°32 
54-20 11-73 B,03,S03,4H.O 
51:87 15°45 
47:27 20-93 
51-87 21-85 
52°89 21:06 
57°32 18°34 
61°44 16:07 
63-36 15-23 3B203,SO3,3H2O 
70-02 12-00 
1-882 73°66 10-39 
86:24 5:07 
86°50 4:96 
87°72 4-82 
(45°C) 
Solutions Wet solids 
d38° Composition (g/100 g) Composition (g/100 g) Solid phase 
SO3 B,O3 
1-023 
1-029 0°13 38°37 
1-036 0:71 et 
1-086 4°86 88 
1-097 5-78 26-54 HBO; 
1-231 15-48 23°33 
1-446 33°73 13-98 
1-628 37°81 20°52 
1-671 45-45 19-83 
1-685 49-50 15-21 
49-49 17:89 B203,S03,4H2O0 
47°35 21:05 
1-800 
41-08 35°18 


41-34 40-29 3B203,SO3,3H20 
46°64 35-66 
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H»SO, 


Fic. 26.—Isothermal triangle for H3BO3-H2SO.,-H207*° 


Table XX XVla.—System H2SO.,-H3BO3—H2O at 25°C 781 


Saturated solution 
% by weight 


H2SO. 


9-49 
10-48 
18°50 
20-01 
29°73 
38-64 
40-60 
48°91 
49-95 
54:44 
BU 
58-48 
67:27 
67:13 
70-39 
68-29 
67:05 
63-55 
64-00 


67:16 
69-22 


68-41 
66°96 
66°37 
65:54 
Gli? 
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Wet residue 
% by weight 


H2SO4 


2°10 

5°18 

7°16 
10°17 
10-60 
7 Me 
22:60 
13-18 
28:25 
33-98 
32-68 
f3°51 
30-29 
35-68 
43-42 
55:16 
59-03 
60°44 


60:75 
54-95 
55-76 
57:84 


46-30 
19-73 


H3BO3 


66°34 
53-21 
70:78 
51-14 
63-44 
37:64 
50-64 
64-36 
44-02 
38-36 
44-12 
71-03 
57:49 
58-64 
56:26 
35-54 
31:54 
32-00 


so 34 
44-39 
42:97 
19°16 


39-60 
63-64 


Solid phase 


H3BO3 

H3BO3 

H3BO3; 

H3BO3 

H3BO3 

H;3BO; 

H3BO3 

H3BO3 

H3BO3 

H3BO3 

H3BO3 

H3BOz3 

H3BO3 

H3BO3 

H3BO3 + H2SO.4.2H3BO3 
H2SO.4.2H3BOs3 
H2SO,4.2H3BO3 
H2SO.4.2H3BO3 
H2SO.4.2H3BO3 
H2SO,.4.2H3BO3:- 
3H2SO..4H3BO3 
3H2SO..4H3BO3 
3H2SO.4.4H3BO3 
3H2SO,4.4H3BO3 
H3BO3; 

H3BO3; 

H3BOs; 

H3BO3 

H3BO3 
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and boric oxide all react on dissolving in sulphuric acid or dilute oleum to form the 
boron-tetra(hydrogensulphate) ion according to the equations: 


300 


290 - 


200 


100 K 


150 


B(OH); + 6H2SO, — BCHSO,)z; +3H3,0* +2HSO; 
B.O3 + 9H2SO, — 2B(HSO,)z + 3H3s0* +HSO; 
B(OH)s3 + 3H2S207 = B(HSO,)z i H3SO7 H.SO, 


0:02 0-04 


0:06 


0:08 


0-10 


Concentration (M) 


012 0-14 


Fic. 27.—Specific conductances of solutions of boric acid and boric oxide in sulphuric acid?** 


Table XX XVII.—Specific Conductivities of Boric Acid Solutions in 
100% Sulphuric Acid?*° 


25°C 
102K WwW 
HB(HSO,). 
1-044 0-0608 
1-045 0-0031 
1-062 0-0076 
1-103 0-0131 
1-162 0-0181 
1-277 0-0223 
1-372 0-0507 
1-044 0-0348 
1-048 0:2198 
1-106 0-1175 
1-223 0:1060 
1-413 0-1175 
1-657 0:1338 
1-856 0:0743 
1-089 0-0557 
1-181 0-0970 
1-284 0-0513 
1-417 0-1142 
1-655 0:1228 
1-965 0-2900 
1-063 0:1755 
1-115 0-2548 
1-235 0-3201 
1-262 0-2530 
1-407 


10?K 


1-683 
1-048 
1-055 
1-082 
1-131 
1-182 
1525 
1-294 
3-652 
2°682 
2°475 
2°661 
2°839 
1-888 
1-620 
z2i3 
1337 
2°577 
2°719 
4-084 
3255 
3°849 
4-208 
3-871 


10°K 


0-5864 
0-6062 
0-6435 
0°6977 
0:7960 
0-8745 
0:5868 
0-6467 
0-7502 
0:9078 
1-096 

1-243 

0-6328 
0:7144 


10°C 
Ww 
HB(HSO.,)4 (10-30°) 

0-5863 0-0310 


0-0414 
0-0562 
0:0796 
0-0066 
0-0142 
0-0560 
0:0326 
0-0404 
0-0607 
0:0075 
0:0131 
0-:0181 
0-0223 


10°K 


0:8039 
0-9098 
1-093 
1-318 
0-6070 
0-6544 
0-7605 
0:8234 
0:9016 
115 
0-603 
0-624 
0-669 
0-713 
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Table XX XVIII.— Densities of Solutions of 
Boric Acid in 100% Sulphuric Acid at 25°C 


mol/kg 50 In HB(HSOQO«,),4 
w 
0-05 1-831 
0-10 1-835 
0-15 1-840 
0-20 1-844 
0-25 1-849 
0-30 1-853 


The boron tetra(hydrogensulphate) ion is analogous to the borate ion B(OH); in 
aqueous solutions. However, the corresponding acid, HB(HSO,), is a strong acid in 
the sulphuric acid medium, and solutions of boric acid or boric oxide can be titrated 
directly with the base K2SO,.2°° The specific conductance of solutions of boric acid 
and boric oxide in sulphuric acid are illustrated in Fig. 277°° and shown in Table 
XXXVII.2*° The densities of solutions of boric acid in sulphuric acid have been deter- 
mined at 25°C?°° and are shown in Table XXXVIII as a function of the concentration 
of the resulting strong acid, HB(HSO,),. On the assumption that the density of these 
solutions varies with temperature in the same manner as those of sodium and potassium 
hydrogen sulphate solutions, the density in the temperature range 0-—40°C is given by 
the equation: 


Pt = Pos t+(1-08 x 10-°)(25—+t) where ¢ is temperature in °C. 


The Raman spectrum of solutions of boric acid in sulphuric acid solution has been 
observed and interpreted.?*1 The results are presented in Table XXXIX. They indicate 
the occurrence of relatively large concentrations of disulphuric acid in concentrated 
solutions of boric acid or boric oxide. It is suggested that this results from a conden- 
sation process between tetra(hydrogensulphate) and borate ions to form polymeric 
ions containing B—O-B linkages as illustrated in Fig. 28, somewhat analogous to the 
polymeric ions formed in water solution. In further studies with concentrated solu- 
tions?*’ various solid salts were isolated. They are suggested to contain higher polymers 
of boron-sulphate ions, a few of which are also illustrated in Fig. 28. It is also suggested 
that the various addition compounds, (Bz2O3)n,(SO3)m,(H2O). reported by earlier 
workers can be rationalized in terms of polymeric ring structures of these types. 

The use of solutions of boric acid in sulphuric acid as a means of analyzing organic 
materials, such as aldehydes, ketones, etc., by titration has been studied.2** The com- 
plexes formed between boric acid and alizarin indicators in sulphuric acid solution 
have been studied,?** and are suggested to be complexes with the tetra(hydrogen- 
sulphate) borate ion. Studies of the electrical conductivity of solutions in more con- 
centrated oleums (65°94) have indicated that an analogous pyrosulphatoborate ion, 
B(HS.20,); , is formed,?** although boron trichloride was the reagent used to prepare 
the solution. However, further work with boric acid and boric oxide solutions?*® in 
45% oleums has confirmed that these species can be formed directly. 

Boron-sulphur—oxygen compounds are also referred to in Section A13. 


H;BO3;-H3;PO,—H2O. Much of the work with this system has been aimed at the 
eventual dehydration of reaction products to form boron phosphate, which is discussed 
elsewhere in this volume (Section A13). Levi and Gilbert?*” have examined portions 
of the system B203—-P20;—H20 at 25°C. In addition to orthoboric acid, they obtained 
a solid phase with the composition BPO,. Their results are illustrated in Fig. 29; 
compositions and solution densities are summarized in Table XL. 

Englund has claimed?*8 that when small amounts of water are added to a mixture of 
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Table XX XIX 


Raman Spectra of Solutions of H3BO3, HB(HSO,).4, and 
NaB(HSO,),4 in H2SO, (Frequencies in cm~ +) 


(a) 
396  HSO, 393 
422 H.SO, 412 
564 H.SO, 563 
$88 HSO; — 
2s we 730 
911 H.SO, 913 
973 H.SO, 973 
AS 985 
1040 HSO; a 
1100 B(HSO.); 1100 
1148 H.SO, 1140 
1195 H,SO.,HSO; 1195 
1260  B(HSO.); 1260 
1370 H.SO, 1365 
a ‘Ds 1480 


B(HSO,)z ,Hs3SO7 
H.SO, 


H;SO7 


NOTE: (a) 0:4 molal H3BO3 in H2SQO,; (6) 0-35 molal HB(HSO.,)a, in 


2SOu. 


Raman Spectra of Concentrated Solutions of HB(HSO,),4 in H2SO, 


(a) 


310 (4) 
330 (6) 


388 (2) 
420 (2) 
474 (1) 


550 (10) 
630 (1) 
661 (1/2—) 


985 (2) 


1100 (3) 
1140 (6) 
1210 (4) 
1265 (2) 
1375 (2) 
1425 (1) 
1452 (1) 
1480 (1) 


(Frequencies in cm~ 


(6) 
145 (2) 


1480 (2) 


Assignment* 


H2S20, 
293010 
2927 
25207 


H2S.07,B(HSO,)z 
2427 

H2SO, 

H2S04,H2S207 


H.SO,,H2S207 
H,SO/7 ,B(HSO,)z 
H2SO, 

H2S820; 

H283010 

H,SO7 


Note: (a) 1:4 molal HB(HSOsg). in H2SO.; (6) 5 molal HB(HSO,),4 


in H.SO, 


“ Many of the lines assigned to H2S2O;7 are probably common also 


to H282010 (1). 


277 


Refs. p. 311 


278 Boron 


HS. ENO my SOiH 
> 
SOx | | sot 
ee 
0% So 
SO.H  HSO, : 
HO eee Se SEL EON 
et ea ane 
bce Bas. acai 
ciples else 


Fic. 28.—Polymeric hydrogen sulphate borate ions?**»?4” 


B.O3 


a WO 
FAAS LL 
A/V XS LG / 
ERAN OYZ/MM AX 


H20 } P05 
Fic. 29.—The system B,O3—P205—H2O at 25°C?9” 


boric acid and phosphorus pentoxide a novel acid, BsO7(H3P20¢)2 is formed as a dry 
powder; salts of this acid are claimed to be formed by adding the appropriate alkali 
to aqueous solutions of the acid. Johnstone®®® has claimed the use of this acid as a 
polymerization catalyst for olefins. Evidence for the formation of a 1:1 B-P mixed 
complex species in solution is claimed?*® from studies of the absorption of boron and 
phosphorus on ion-exchange resins from solutions containing boric and phosphoric 
acids. 


H;BO;-HCI-H,O. Earlier work on the effect of hydrochloric acid on the solubility 
of boric acid has been reviewed in Mellor.®? It is claimed that metaboric acid can be 
used to prepare anhydrous hydrochloric acid from water solutions by volatilization of 
gaseous hydrogen chloride from mixtures.?°° The use of hydrochloric acid to prepare 
boric acid is discussed in the following section (A7). It is probably the volatility of 
hydrochloric acid from the solutions that has limited the study of the system. 


H;BO;-CrO;-H2O. This system has been studied at 25°C.?°! Orthoboric acid 
appears to be the only boron-containing solid phase. The results are illustrated in 
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Table XL.—The System B,O3;-—P20;—H2O V5 {ie od, eae 


Solutions Wet solids 
a Composition (g/100 g) Composition (g/100 g) Solid phase 
B03 P.O; B.Oz3 
1-042 2:55 1:23 39-80 
1:048 . 2°53 2:04 31-35 
1-190 1:12 11-09 27°91 
1:215 1-05 5-39 43°86 
1-281 0-62 14-10 31-03 H3BO; 
1°391 0°45 24:28 22°89 
0:68 20°13 30-03 
1-434 0:68 16°11 35-78 
1-504 1:27 45-62 13-59* 
1:516 1-20 
1-11 54-43 10:49 
0:23 57°81 12:70 
concentra- 58:12 7:50 
tion too low BPO, 
to be 62:73 15-90 
1:645 titrated 62°81 15-02 
64:06 8:95 
1-722 64:40 7:94 


* Apparently point of inversion. 


Table XLI.—The System Bz03;—CrO3—H20?* 


Compositions (g/100 g) Compositions (g/100 g) 
and densities at 25°C and densities at 45°C 
Liquid phase Wet solid Liquid phase Wet solid 
CrO3 B.O3 
32:38 26:09 
35-82 22:36 
45-39 5-28 
24-42 24-89 
21-12 25°11 
17-94 26:07 
9-02 35°72 
9-30 28-52 
5:19 27:07 
2:50 31-01 


Fig. 30 and Table XLI. The buffering capacity of aqueous solutions containing 
Cr2(SO.)3, H3BO3, NazSO., and NaF has been studied.?”2 


Boric Acid—-Inorganic Base Systems. These systems are described in Sections devoted 
to the metal borates. The highly important Na,O-B203;—H2O system has been revised 
by Nies and Hulbert.*2” 


General Effects of Added Salts on the Solubility of Boric Acid 


Earlier studies of the effect of various salts on the solubility of orthoboric acid in 
water have been summarized in Mellor.®? More recently Constable and Isnel 2°?) ?°° 
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( 
foer 


10 20 30 40 50 60 
% B203 


Fic. 30.—The solubility of boric acid in aqueous solutions of chromic acid at 25°C? 


have examined the effect of added salt concentration and temperature on the solubility 
of orthoboric acid in water. They report that the data fit the general expression: 


logio S = 1logio Sot KVC 


where 5S is the solubility in g/100 g H.O, 
So is the solubility in pure water, g/100 g H.O, 
K is an empirically determined constant characteristic of the particular salt 
added, 
C is the concentration of added salt in g /100 g HO. 


Table XLII and Fig. 30a summarize their results for So and K covering temperatures 
from 0° to 100°C for a variety of added salts. In all the cases they studied, the solubility 
of boric acid increases with increasing concentration of added salt, increasing valence 
of the cation of the added salt, and decreasing ionization constant of the acids or bases 
from which the salts are derived. Similar results were obtained by Soldi at 0°C,?°° and 
are shown in Table XLIIa. 

It is reported that dry mixtures of boric acids (either orthoboric acid or metaboric 
acids) react with alkali-metal#°*-® or ammonium?*> chlorides and nitrates when heated 
in a current of steam at temperatures of 100°C or higher to produce gaseous hydro- 
chloric or nitric acid and the corresponding pentaborate; sodium salts, which apparently 
do not react completely, are an exception. Similar reactions are reported for alkaline- 
earth chlorides and nitrates starting at 150°C. The temperatures required for complete 
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Temperature (°C) 


Fic. 30a.—Effect of added salts on boric acid solubility?** 


conversion into borate are summarized by Schalek and Koros,?°° who also claim a 
similar reaction for potassium sulphate. 


Boric Acid—Inorganic Salt Systems 


H3BO;—NaNO;-H20. This system is claimed to show formation of a new compound 
in addition to the starting components, but its composition was not established.?°* 
The eutectic is at —18:5°C, with an equilibrium liquid-phase composition of 1-65%% 
H3BO3, 37°% NaNOs, and 61-35% H.O. 


H;BO;-KNO;-H.2O. This system shows no compound formation, only simple binary 
and ternary eutectics. The ternary eutectic is reported at either —3-2°C and 2:90% 
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Properties and Reactions of Boric Acid 283 
Table XLIla.—Effect of Added Salts on Orthoboric Acid Solubility?®® 


Solubility of H3BO3 Solubility of HsBO3 
on addition of CHs;COONa on addition of CsH;COONa 


CHsCOONa CsH;COONa 


& 


% 8% 


Solubility of H3sBO3 Solubility of H3sBO3 
on addition of NaNOz on addition of NaClO. 


Solubility of HsBO3 Solubility of HsBO3 


on addition of CH2zBrCOONa on addition of CHeCICOONa 


CH.2CICOONa 
oi% 


2-92 
5-85 
11-70 


Solubility of HsBO3 
on addition of HCOONa 


10 


15° 20° 25° 


aw fe — 
Verran 


Cera 


¢) Ls" 10 $O 20 25 30 
H20 % KNO3 


Fic. 31.—Solubility isotherms in the system H3BO3-KNO3H20?°9 
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H3BO3, 10-75% KNOs, 86°359% H20,?°° or —3-9°C and 3:4% H3BOsz, 12:2°4 KNOs, 
and 84-49% H.O.?°° The results of Ugai and Simkina?®°® are illustrated in Fig. 31. They 
also calculated activity coefficients for boric acid in the solutions; these results, shown 
in Table XLIII, indicate a greater ‘salting in’ effect at lower temperature than at high 
temperature. 


Table XLIII.—The System H3BO3-KNO3—H2O 


Composition of solution Composition of solution 
Expt. wit in moles per 1000 g H2O 1/m 


No. 
KNO3z | H3BO3 | DD KNO3z | H3BO3 | Px 


Temperature 0°C 


Ve A H3BO3 


Temperature 10°C 


Temperature 20°C 


HO 


(@) 20 40 60 80 100 
Ca(NO3)>2 Mg(NO3)2 


Fig. 32.—Diagram for the composition of the quaternary system. The sides of the triangle 
represent the contents of the components (in 9%) ; the numbers 1, 2, 3, 4 on the lines correspond 
to the numbers of the sections?®? 
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H;BO;—Ca(NO;3)2.-H2O0. The water solubility of the system Ca(NO3)2-H3BO3 has 
been determined at temperatures up to 90°C.*°* 498: 499 The study has practical relevance 
in the production of boric acid from colemanite. 


H3;BO;—Ca(NO;3)2-Mg(NO3)2-H20. The data for the three ternary systems involved 
in the quaternary system were reported first,?°* followed by the data for the quaternary 
system?©? from 60°C to complete solidification. Four sections of the quaternary system 
were studied, all four of which pass through the boric acid vertex and intersect the 


H3BO3 _ 


Ca(NO3)2 


0) 20 40 60 80 100 
Ca(NO3)2 Mg (NO3)2 


Fic. 33.7°? (a) Janecke diagram for the isotherm at 0°C. Numbers on the broken lines represent 
the water content (in g): (1) 250; (2) 500; (3) 1000; (4) 2000; (5) 3000 


H3BO3 


Ca(NO3)> Ca(NO3)2-4H,O Ca(NO3)23H20 Mg(NO3)2°6H20 Mg (NO3)> 


Fic. 33.26? (b) Janecke diagram for the isotherm at 60°C. Numbers on the broken lines repre- 
sent the water content (in g): (1) 250; (2) 500 
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other sides, as illustrated in Fig. 32. Boric acid occupies nearly all the crystalline volume 
of the system, as its solubility is far less than that of the nitrates, as illustrated by the 
Janecke diagrams for 0°C and 60°C, shown in Fig. 33a, b. The minimum solubility of 
boric acid (less than 0:25°%) occurs at the quaternary eutectic. Boric acid is more soluble 
in mixtures containing more magnesium nitrate. Between 20°C and complete solidifica- 
tion there are six areas of crystallization, meeting in three points; they are (1) a eutectic 
at —35-8°C with 23-0% Mg(NOs)e, 17-49% Ca(NOs3)2, 4H20, and 0-25°% H3BO3, and 
(2) two transition points at —21°C and —7-1°C, the first in the fields Mg(NO3)2,9H2O, 
Ca(NOs3)2,4H20, H3BO3, and Mg(NOsz)2,6H2O, and the second in the fields of 
Mg(NOsz)2,9H20, Ca(NOsz)2,4H20, H3BO3, and Ca(NO3)2,3H2O. There is no evidence 
for formation of solid complex borates in this system. 


H;BO;—-(NH4)2SO,—-H20. The solubility of B20; in the system HBO.—(NH.)2SO,-— 
H,O was studied.**® In dilute solutions orthoboric acid is formed, its solubility in- 
creasing with the (NH.)2SO, concentration, whereas the solubility of ammonium 
sulphate decreases with increasing boric acid concentration. 


H;BO;-Na2SO,-H.O. This system has been studied by a number of _ investi- 
gators?°4-® 292: the earlier data are summarized in Mellor.®? Teeple?®> reported the 
eutonic points on the 20-5°, 23-5°, 28-5°, and 35°C isotherms. Palkin and Goloshcha- 
pov’** investigated the system at 0°, 10°, 20°, 25°, and 29-8°C. Bekturov and Litvinen- 
ko?°° studied the system at 15°C, and Konobritskii at 5°C. The solubility of each com- 
ponent is increased in the presence of the other, and there are no complex compounds 
formed, which is further confirmed by cryoscopic studies of boric acid dissolved in 
Glauber’s salt (NazSO.4,10H2O).7°" The eutectic is reported to occur at —1-6°C, with 
an equilibrium liquid composition of 2:5°% H3BOs, 3-894 Na2SOz, and 9-37°% H.O.?92 


H;BO;-Na,SO,—Na2B,07,-H2O. This quaternary system is reported by Teeple?®® 
at temperatures of 20-5°, 23-5°, 28-5° and 35°C. A typical isotherm (at 35°C) is illus- 
trated in Fig. 34. Compositions of the invariant points are summarized in Table XLIV. 
This system has considerable practical significance, industrial production of boric acid 


Na,B,O,,,-10H,O 


100 mol 100 mol 
Na,B,0, H3;BO; 


Fic. 34.—System Na2SO,-Na2B,07—H3BO3-H20 at 35°C? 
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Table XLIV.—Invariant Points in the System H3BO3;—Na2SO4—NazB,07—H20?"° 


20°5°C 
g/100 g H,O Mol/1000 mol H,O 
Point Solid phases PP a Re SP a ee Pe PP ee eT © fal = ST Ee |e aa Sa 
H;BO3 NazB,0,7 Na,SO, H;BO, NazB,O, Na.SO,. Total 
206 Na,B,07.10H,O — 2°5 — . a 22 = 22 
207 | HzBO, 4:9 — — 14-3 — —_— 14-3 
208 | Na2SO,.10H2O _ — 20-2 : — — 25:7 237 
209 | Na,B,0,.10H,0, 
Na2SO,.10H,O _ Sel 20:0 ‘ — 1-0 25-4 26°4 
210 | H3BO3,Na2SO,.10H,O0 76 — 25°53 : 22h — 32:0 54:1 
211 | H3BOs3, 
NazBioOi¢-10H20 | 11°5 5:8 —_ : 33°3 3:2 — 38:5 
212 | Na,B,0,7.10H,O, 
NazB.90;,.10H,O 12-0 8-7 — 34:8 7 a 42:5 
213 | Na,SO,.10H,0,H3BO3, 
Na2Bi001¢.10H2O0 9-8 £9 25°8 ; 28:3 7 32:6 62°6 
214 | Na2SO,.10H.0, 
Na2B,07.10H,0, 
Na2Bi90i¢.10H,O0 8-8 4-7 PES : pa ee 4:2 29-9 59:6 


233°C 


Solid phases 


Na2B,07.10H,O 
H3;B;0 
Na2SO,.10H,0 
Na2B,07.10H.O, 
Na,SO,. 10H,O 
H3BOs, 
Na2SO,.10H2O 
H;BOs3, 
Na2B,O,7. 1 0H.O, 
NaeBi0Oi¢. 1 0H,O 
Na,SO,.10H,0,HBOs, 
NazBi0014.10H,0 
Na2SO,.10H.O, 
Na.B,07.10H,O 
Na,B,901¢.10H,0 


Mol/1000 mol H,O 
Point Solid phases 


H;BO, H;BO, Na.B,07 Na,SO, Total 
224 | Na2B,O,.10H,O _— = 33 — oe] 
225 | H3BO3 6:3 18-4 — — 18-4 
226 | Na2SO,.10H2O — — = 46-2 46:2 
227 | Na2B,07.10H,O, 
Na,2SO,4.10H,O — — 15 45:8 47-3 
228 | HBO, 
Na2SO4.10H20} 10:6 30:9 —_ Be 90:8 
229 | H3BOs, 
Na2B, 90 1¢.10H,O 14-9 43-2 6:3 ae 49-5 
230 | Na,B,O,7.10H,0, 
NaeBio0i1¢-10H20 | 16-2 47:0 12:0 — 59:0 
231 | Na,SO,4.10H,0,H;BOsz, 
NazBi.90i¢.10H,O 12-1 55°3 | Ws) 60:6 97-4 
232 | NagSO,4.10H,O, 
Na,B,0,.10H,O, 
NaeBioOig-10H20 | 10-6 30°7 6:4 54:6 A Nal 
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Table XLVI,—continued 


jou 
g/100 g H,O Mol/1000 mol H,O 
Point Solid phases a EISELE ER MERE SORES OLS 
H;BO, | Na2B,O7 | Na,SO, | Total | H;BO,; | Na2B,O,7 | Na,SO, | Total 
146 | Na.B,O,.10H,O — 5:3 — 5:3 _ 4:7 — 4:7 
187 | H,BO, 79 — — 79 22:8 — — 22°8 
5 | Na2SO, — — 50-7 50-7 — — 64-2 64-2 
233 | Na2B,O7.10H.O, 
Na,SO, — 2:7 49-7 52-4 — 2:4 62-9 65-3 
189 | Hz;BO,3,Na.SO, 13-1 — 530 | 66-1 38-1 — 67-1 |105-2 
203 | H;BO,3, 
Na2B,.0;¢.10H,.O | 18-4 8-4 — 26°8 53-5 75 oe 61-0 
202 | Na2B,O7.10H,O, 
Nae2Bi100;¢.10H,O | 24-7 23-6 — 48-3 71-6 21-0 — 92:6 
234 Na,SO,,H3BO3, 
Na2B,00;,.10H,0 |} 14-9 2:3 52:1 69:3 43-2 2:1 66:0 {111-3 
235 | Na2SO,, 
Na2B,0,.10H2O, 
NaeB,.0i¢,.10H2,0 |} 15-2 12:4 47:0 74-6 44:0 11-1 59-6 1114-7 


in the United States being by the reaction of borax with sulphuric acid to give sodium 
sulphate as by-product. 


H;BO,;-MgSO,-H20. This system has been studied over the temperature range 
0-90°C.?°8: 26° The study is complicated by the tendency for magnesium sulphate 
hexahydrate to form supersaturated solutions with relatively long periods of existence. 
The data for the system are illustrated in Fig. 35, taken from Manole—Bezhan.?°* The 
polytherm consists of two branches; the one from 10°—48°C is the curve for boric acid 
and magnesium sulphate heptahydrate; the one from 48°-80°C is for boric acid and 
magnesium sulphate hexahydrate. 


(A) 
20 


Jeera 34 
2297 
ot Se 30 


2 ce) 
7123 \26 3; 


6) 2a 6 So 10" 2 4°46 18.20 22) 24 Bet Qeveay rere 3G 45 
"MgSO, 


Fic. 35.—Experimental points on solubility isotherms and polytherm for the system H3;BO3-— 
MgSO,-H.0.?° (A) HsBO3 (9%), (B) MgSO. (%). (1) L. E. Berlin’s data; (2) author’s 
data; (3) isotherms; (4) polytherm 
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Towards 100”,, H;BO; point 


H3BO3,", 


Na,SO,,% 


NaSO,°1 0H,0 
(44-08°.,) 


LY 
x (48-83°.,) 
Fic. 36.—Solubilities in the H3BO3;,-MgSO,—Na2SO.-H20O system at 15°C266 
HBO; wt. 
12 
S2 Na,SO,, wt.% 
| 
ye 
MgSO,:6H,0 
yp 
MgSO,,wt.°, 


Fic. 37.—Isotherm of mutual solubility in the HsBOz;-Naz2SO,-MgSO.-H.O system at 60°C??? 
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H;BO;—-Na2SO.—-MgSO.,-H20O. Because of its application to the recovery of borate 
values from the naturally occurring calcium magnesium and calcium sodium borates 
in Russia, this system has received considerable attention.2°* 279-4 Isotherms have been 
studied at 5°C,?7* 35°C,?7° 50°C,?™ and 60°C.?"? Boric acid occurs as an equilibrium 
solid phase at all temperatures studied. At lower temperatures magnesium sulphate 
heptahydrate and’ sodium sulphate decahydrate occur as the other solid phases, as 
illustrated in Fig. 36, showing the isotherm at 15°C.?°° As the temperature is increased 
to 35°C, astrakanite (NazSO.,MgSO.,4H2O) appears as an additional solid phase, 
and anhydrous sodium sulphate rather than Glauber’s salt is formed; magnesium 
sulphate heptahydrate is still present. At 50°C the only further change is the appearance 
of magnesium sulphate hexahydrate instead of the heptahydrate; the same phases are 
present at 60°C. Fig. 37 illustrates the system at 60°C. The three invariant points in the 
system and corresponding concentrations in the liquid phase are summarized in 
Table XLV. 


H;BO;-H2.SO.—-MgSO,-H20. This system is also of interest in the recovery of borate 
values from natural minerals, and consequently has been studied a number of times in 
the temperature range 0-50°C. A method of analyzing the equilibrium brines by con- 
ductometric titration has been described.?”" The solubility of boric acid in the system 
is relatively insensitive to the sulphuric acid concentration, but the solubility of 
magnesium sulphate is decreased by the presence of sulphuric acid at temperatures 
from 35° to 65°C.?”© The minimum solubility of boric acid at 0°C is 0-:92°%, with 
21-55% and 10-28%% of sulphuric acid and magnesium sulphate, respectively.2”° At 
0°C the equilibrium solid phases are: MgSO.,7H20, MgSO.,6H20, MgSO,,4H.O, 
and H3BO3; at 50°C they are MgSO,,6H20, MgSO.,5H20, MgSO.,H2O, and H;BO3. 
The data of Scholle and Machacova?®! at 25°, 55°, and 65°C are shown in Tables 
XLVa and XLVb. Treiman subsequently determined solubilities in the system at 25° 
and) ©. 


H;BO;-K2SO.,—H2O. This system has been studied from — 2° to 100°C over a period 
of years by Perova.?®?~ It is a simple eutectic system with the three starting components 
as the only equilibrium phases. The eutectic is at — 2°C, with a liquid-phase composition 
of 3-1°% H3BOs, 669% K2SOu,, and 90-79% H.O. Figure 38 illustrates the data obtained. 
The electrical conductivity and viscosity of the solutions have been studied; the results 
are summarized in Tables XLVI and XLVII; they show that the viscosity of potassium 
sulphate solutions increases with increasing boric acid concentration, and it is postulated 
that the corresponding decrease in electrical conductivity is due to the increased viscosity. 


H;BO;-K,SO,.,—MgSO.-H2O. The system was studied from 25°C down to complete 
solidification.?8° There are four equilibrium solid phases, H3BO3, K2SO1, MgSO.,6H.O, 
and MgSO.,12H20O at 0°C; at 15°C and 25°C, MgSO.,7H2O replaces MgSO,,12H.O. 


H;BO;-K2,SO,-KCI-H.O. This system is reported by Teeple?®°; the 35°C isotherm 
is illustrated in Fig. 39, and summarized in Table XLVIII. The only equilibrium solid 
phases are the starting components. The solubility of all are increased in the presence 
of the others. 


Table XLV.—Invariant Points in the System H3BO3—-Naz2SOs—-MgSO.—H20O?"* 


Wt. % in liquid 


Reaction Temp. 
vn @ NaeSO. | MgSO. 
Na2SO,4.10H20 + MgSO4.7H20 — 
Nae2SO4.MgSO4.4H20 + 13H2O0 23-4 13-7 19-75 
NazSO4.10H20 — Na2SO.+ 10H20 27:0 24-0 8-80 
MgsS0O,.7H20 — MgSO..6H20+ H2O0 44-4 6:9 27°59 
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Table XLVa.—System H2SO.:—-—MgSO.—H3BO3—H20O at 25°C?®! 


Saturated solution Wet residue 
Equili- °% by weight °% by weight Solid phase 
briun ——— 
H.SO,4 MgsO, H3BO3 H.2SO. H3BO3 
Hours 
4 3-21 23°24 2:24 0-37 25-68 | MgSO,.7H20+ H3BO;3 
4 3:99 22:94 2:37 0-31 12:78 | MgSO..7H20+ H3BO; 
4 6°47 22:25 213 — a MgsSO,.7H20+ H3BO3 
4 8:15 21°11 2-01 0-76 12:11 | MgSO,4.7H20+ H3BO; 
4 10-78 20:91 1:93 — eS MgsSO,.7H20+ H3BO3 
4 15°17 21:93 1:61 1:01 11:13. | MgSO,4.7H20+ H3BO; 
4 18-01 18°55 1:54 1-32 15-88 | MgSO.4.7H20+ H3BO3 
4 28°39 20:38 1-13 5:05 28:98 | MgSO..5H20+ H3BO," 
4 29:30 20°47 1-09 ae =~ MgSO,.5H20+ H3BO," 
4 36:49 20°16 1:01 4-86 29:59 | MgSO..5H20+ H3BO;2 
4 37:76 20:07 1-10 10-01 39-87 | MgSO..5H20+ H3BO,2 
20 55°52. 2°15 1-68 43-60 14:01 | MgSO,.H20+ H3sBOz3 
20 55:88 2:43 1-69 42:29 10:36 | MgSO,.H20+ H3BO3 
20 58:18 1:66 1:71 36°57 10:32 | MgSO,.H20+ H3sBO; 
4 63°59 0-42 22:68 42:28 19:28 | 3MgSO..2H2SO,..3:5H2O 


+2H3BO3.H2SO. 
8:94 | 3MgSO..2H2SOz,3°5H20° 
10:15 | 3MgSO.4.2H2SO..3-5H2O0 


A 64:62 0:63 20-03 46:94 
+ 66°34 0:47 12:94 | 44-86 


+HsBOs3 
4 67:20 1-42 5:28 43-99 11:94 | 3MgSO..2H2SO,.3-5H2O0 
+ H3BO3 
Days 
‘i 9:95 20-68 1-62 — — MgSO,.7H20 + H3BO3 
7 25:24 18-86 2°31 — — MgSO,..7H20 + H3sBO3 
7 27°78 20-04 1-25 — — MgsS0O,..6H20+ H3BO3 
7 31-13 18:80 1-09 — — MgSO..5H20 + H3BO3% 
30 32:80 14-60 1-44 — — MgSO,..H20+ HsBO3 
14 36-03 9-84 3-30 18-21 6:82 | MgSO..H20+ H3BOs3 
14 41-12 6:05 1-59 18-50 7:24 | MgSO.,.H20+ H3sBO3 
30 43-25 7:37 1-06 — — MgSO,.H20+ H3BOs3 
15 46:17 0-78 1-55 Z5t)) 27:82 | MgSO.,.H20+ HsBOs 
15 1) ES 9! RA clbien ISG P 1-33 — — MgSO,.H20+ H3BO3; 
15 56:48 0-51 15-40 31-16 26°83 | MgSO,.H20+ H3BOs3 
15 51°32 0-21 26°42 51°25 22:91 | MgSO,.H20°? 
30 58-79 1-14 1:45 — — MgSO,.H20+ H3BO3 
30 61-39 1-00 1-77 18-72 12°57 | MgSO,.H20+ H3BOs3 
30 62:56 0-69 2:06 — — MgSO,.H20+ HsBOs3 
15 59-60 0-20 19-52 54:49 22:22 | MgSO..H20+ 
; 2H3BO3.H2SO4 
30 63-35 0-23 26°82 — — 
30 65°16 0-89 14-85 — — 
7 65:18 0-24 27°61 — — 
33 67:33 0-62 3°42 — = 
* Unstable system. > Not saturated with HsBOs. 


H;BO;—Na,SO.—-NaCl-H.O. This system is reported at 35° and 75°C by Teeple.?°° 
The results are summarized in Table XLIX and Fig. 40. Again the components are the 
only solid equilibrium phases, and the solubility of each is increased in the presence of 
the others. 


H;BO.;-NaCl-Na.B,O,-H.O. This system is reported at 35°C by Teeple,?°®° and the 
data are presented in Fig. 41 and Table L. In this system there is another equilibrium 
solid phase, sodium pentaborate, in addition to the starting components. 


H;BO.;-KCI-K.B,,01¢6,8H2O-H.2O. Teeple?®> has reported on this system at 35°C. 
It is similar to the preceding system, except that the tetraborate was not included. The 
results are shown in Fig. 42 and Table LI. 
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Table XLVb.—System H2SO,:-MgSO,—H3BO;3—H20 at 55°C and 65°C?®1 


Equi- Saturated solution Wet residue ' 
librium % by weight % by weight Solid phase 

hours 
4 Mgs0O,.H2O + H3BO3 
4 MgsSO,.H2O = H3BO3" 
4 MgsSO,.H2O + H3BO3" 
4 MgsO,.H2O0 + H3BO3" 
4 MgsO,.H20° 
4 MgsSO,.H2O0 Se H3BO3 
4 MgsSO,.H2O +H3BOs3 

* Interpolated. > Not saturated with H3BOs3. 


Equi- Saturated solution Wet residue 
librium % by weight % by weight Solid phase 
hours 
H2SO.z H.SO,z MgsO, 

4 38-55 — MgsO..H20+ HsBO3 
4 46:50 19:04 | MgSO,.H20+ H3BO3 
4 47-07 8:24 | MgSO..H20+ H3BO3 
4 50-23 — Mgs0O..H20+ H3BOz3 
4 52°14 —— MgsO..H20+ H3BOz3 
4 52°91 — MgsSO,.H20+ H3BO3 
4 54:58 19:09 | MgSO,.H20+ H3BO; 
4 8-65 | MgSO..H2O°7 
4 55:50 | MgSO,.H20+ H3BO3 
4 38-73 


* Not saturated with H;BO3. 


Table XLVI.—Results of Measuring Electrical Conductivity of Potassium 
Sulphate Solutions?®* 
SS ee ee eee 


Specific electrical conductivity of aqueous K2SO, solutions containing the 
indicated %: (Q-+-cm?-10*) 


Quantity 
of g 4 6 | 10 
H3BO; : 
(wt. %) At temperature (°C) 
25 50 phe! 50 pe 50 25 50 
— 240 360 445 684 637 818 1005 1146 
1.0 223 385 422 —_ 594 791 931 Hii? 
2:0 pA 323 400 569 562 774 883 1005 
3:0 yA — 384 — 537 754 848 1072 
4:0 211 309 373 541 517 740 820 1053 
5:0 288 — 361 527°5 503 727 810 1034 
6:0 291 CHa 512 492 717 796 1016 
7-0 |(Crystal- | — ae 4 498 aise 702 \Cesstal. 1003 
8-0 lized 279 484-2 lized 700 lized 987 
9-0 262 — — —— = aD — 
10:0 — — Crystal- 469 — — — — 
lized 
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30 


25 


K»SO, Wo 
Fic. 38.—The system HsBO3-K2SO,-H2O (compositions in wt %)?8% 28? 


H;BO,;-NaH.PO,-H2O. Various kinds of reaction products were obtained on 
dehydration of mixtures of NaH2PO.,2H.O and H;BO; with various mole ratios by 
heating at 400° ~ 750°C.*29 When a mixture of 3 moles of NaH2PO.,2H.O and 2 moles 
of H3BO3 was heated at 400° ~ 600°C, a new compound containing macromolecular 
Chains with a skeleton of B—O-P linkages was considered to be formed; the obtained 
compound was a light, finely-divided and sparingly soluble powder and its melting 
point was about 700°C. When initial mixtures had a mole ratio of NaH2PO,,2H2O to 
H3BO3 other than that of 3:2, the reaction products consisted of some complicated 
polymers characterized by the formation of B—O-P linkages. In the cases of the glassy 
products with n value of 9~ 18, their water-soluble parts showed the ortho-:pyro-: 
tri-: high polymeric phosphoric acid ratio (in P2O5) to be 1:4:2:2 (n=6); here, 1 refers 
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Table XLVII.—Results of Measuring Potassium Sulphate Solution Viscosities?®* 


Viscosity (c-poises- 10) of aqueous K2SO, solutions (%): 


Quantity 
a 2 Ao ee a 
ae At temperature (°C) 
23 
1:0 8-33 : — 
2:0 8-40 . : . ; . 8-921 
3-0 8-49 — 
4:0 8-61 9-293 
5:0 8-74 — 
6:0 Crystal- ; . . : 9-579 
lized i — — 
8-0 — Crystal- 6:366 | Crystal- 
lized lized 
10-0 — 


to a mole number of NaH2PO,,2H2O mixed with 2 moles of H3zBO3. The addition of 
a small amount of H3BO3 to NaH2P0O.,,2H2O showed the tendency that the thermal 
conversion of NaPO;(II) into Nas(PO3)3 was appreciably prevented. 


H;BO;-KH2PO.-H20. This system has been studied from the freezing point to 
40°C.?8° The only equilibrium solid phases are the starting components, which form a 
eutectic at — 3-3°C with a liquid phase composition of 2°6% Hs3BOs, 11:7% KH2PO, 
and 85-7 %H.O. It is claimed that complex borophosphates are formed in solution.29% 


H;BO;—Ca(H2PO,)2.-H20. The solubility of H3BO3 in Ca(H2PO.)2 solution at 
15°C was found to be reduced by raising the CaO and P.O; concentrations in solu- 
tion.*°* Minimum solubility was 1:67% B.Os. 


H;BO;-Mg(H2PO.)2-H20. Magnesium phosphates decrease the solubility of boric 
acid, but the acid has no marked affect on the solubility of the phosphates, although 
it prevents the hydrolysis of Mg(H2PO,)2 and the precipitation of MgHPO,.*> Other 
workers confirmed that increasing the concentration of MgO and P.O; brought about 
a decrease in H3BO3 solubility, both at 15° and at 80°C.*4°6 


H;BO;-NH.VO;-H20. Mutual solubility was studied at 25°, 30°, 35° and 45°C#8” 
and at 50°, 60°, and 75°C.*°® At below 26:2° the compound B.O3,4V20;,13NHs,- 
29:6H.O formed.*?” 


H;BO;—-NaF-H20. Some dissolved states in this system were investigated potentio- 
metrically using glass and fluoride ion-selective electrodes.*°° Formation constants of 
BF(OH)3 and of BF.(OH)z were determined. 


H;BO;-KF-H.O. In systems with <1-15°% H3BO3, KF,2H.O is the solid phase.**° 
In systems containing 24-7-46-6% KF, a crystalline compound K[B(OH)3F] is formed. 


H;BO;-LiCI-H2O. The isotherm (25°C) has been constructed at <45°% LiCl and 
<5% Hs3BO3.*** The solubility of H3BOs first decreases and after reaching a minimum 
of 191% in a solution containing 20-14% LiCl it increases; at 44-10% LiCl the solu- 
bility exceeds that in pure water (6:29 vs. 5-46% H;BO3).*42 


H;BO;—NaCI-H2O. Molal volumes have been determined within the system.*®4 
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H;BO;-KCI-H2O. The dependence of density, viscosity, pH and refractive index on 
equilibrium solutions of this system has been determined refractometrically.*4? The 
quaternary system with NaCl has been studied, along with the quinary system in which 
MgCl. was also present.**” 


H;BO;-RbCI-H,O. An increase of H3BOs3 solubility in the presence of RbCl, and a 
slight decrease of this due to the presence of HzBO3, were observed.*4* Density, 


100 mol 100 mol 
KCl. K,SO, 


Fic. 39.—System KCI-K2SOi-H3BO3-H2O at 35°C?®5 


100 mol 100 mol 
NaCl, Na 2SO, 


Fic. 40.—System NaCl-Na2SO.,-—HsBO3-—H2O at 75°C?® 
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viscosity and refractive index data are given for equilibrium liquid phases containing 
up to 5:-46% HsBOz3 and 47°:81% RbCl. 


H;BO,—MgCl.-H.O. The system was studied at 25°C?81/4284383 and 70°C.288 
H3BO3 and MgCl.,6H2O were the only solid equilibrium phases observed. Sorption 
processes in the system H3;BO3;—-MgCl.—-Zr(OH)4,—H2O have been investigated.*®? The 
quinary system H3;BO;-MgCl.-MgSO.,—HCI-H.2O was studied at 0°C?8°; and also 
H3BO3;—MgCl.—NaCl-K CI-H.0.**" 


H;BO;—CaCl.-H.O. Part of this system is reported over a temperature range of 
30°-80°C in connection with a patent for a process to produce boric acid from calcium 
borate ores.?9° The solubilities are summarized in Table LII. A cryoscopic study of 


Table XLVIUI.—Invariant Points in the System H3BO3—K2SO,—KCI-H2O 


g/100 g H2O 


Mol/1000 mol H:O 
Point Solid phases 


37 |KCl 
36 |K2SO4 
187 |H3sBO3 
39 |KCI,K2SO,4 
195 |KCI,H3BO3 
196 |K2SOz,HsBO3 
KCI,K2SO.,HsBO3 


Table XLIX.—Invariant Points in the System H3BO3—Naz2SO.—NaCl-H2O 


35°C 


g/100 g H2O Mol/1000 mol HzO 
H3BO3]| Total 


Point | Solid phases 


6 | NaCl 36:3 vee 
5 | NaeSO. — 50:7 
187 | HsBO3 . 


8 | NaCl,Na2SO. 
188 | NaCl,H3BO3 
189 | Na2SO,, 

H3BO3 
190 NaCl, Nae2SO.z 
H3BO3 


1S°C 
g/100 g H.O Mol/1000 mol H2O 
Point | Solid phases_|-—-———— e_iac“rceé é$c————— 
NaCl Na2SO4 H3BO;3 Total NaeCle Na2SO4 H3BO3 Total 
24 | NaCl 37°8 -= a 37°8 58-2 — a 58-2 
23 | NaeSO, — 43-9 -— 43-9 -- 55:6 —- 55°6 
191 | HsBO3 — —- 21-1 21:1 — — 61-2 61-2 
26 | NaCl,Na2SO. 355 6:8 — 42:3 54-7 8-6 —— 63-3 
192 | NaCl,H3BO3 38-5 aa 22-2 60:7 59-2 --- 64:5 123-7 
193 | NaeSO,., 

H;BO3 — =) ph 31-4 83-1 — 65:5 91-0 156°5 

194 NaCl,Na2SOu, 
H3BO3 55:5 12-4 250° | 72-9 54-6 15°77 72:6 142:9 
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boric acid in calcium chloride heptahydrate indicates that no dissociation or polymer- 
ization occurs,?°* which is surprising in view of the observation (above) that boric acid 
can be titrated as a strong acid in concentrated calcium chloride solution. 


H;BO;—-BaCl.-H2O. The system was studied at 25°C.*4#5 
H;BO;—NaBr-H2O. A mutual lowering of the solubilities of components was 


observed in this system.**® The univariant point of the system corresponds to maxima 
in density and refractive index and a minimum in pH. 


100 mol 
NaCl, 


Na,B,O,-10H,O 


146 


100 mol 100 mol 
Na,B,0O, HBO; 


Fic. 41.—System NaCl-Naz2B,07—H3BO3;—-H20 at 35°C? 


Table L.—Invariant Points in the System H3BO3—NaCl-Na2BsO7—H2O 


g/i00 g HO Mol/1000 mol H,O 
Point Solid phases. | |_—-—_ 
NaCl NazB,O, H;BO, Total NaCl. Na,.B,O-, H,BO, Total 


6 | NaCl 36:3 — — 36:3 55-8 — — 55-8 
146 | Na,B.O7.10H,O — 5:3 — 5°3 — 4-7 — 4:7 
187 | H3sBO, -— — 79 7:9 — — 22:8 22:8 
148 NaCl,Na.B,O,.- 

10H,O 35°5 Ze — 37°7 54:6 2:0 — 56-6 
188 | NaCl,H;BO, 36°8 — 8:2 45:0 | 56-6 — 23°9 80:5 
202 | Na2B,0,.10H.O, 

Na2B,o0,,.10H,O| — 23°6 24-7 48-3 — 21-0 71-6 92-6 
203 | H3BOs, 

Naz2B,001¢-10H,O0} — 8-4 18-4 26°8 — 7:3 53:5 61-0 
180 | NazB,o0,¢,.10H,0} — 9-9 18-3 28-2 — 8-9 53:1 62:0 
183 | NaCl, 

NazBi90i¢.10H2O} 36-1 3°) 6:9 46:7 55-6 3°3 20:0 78-9 
204 | NaCl,Na.B,O,7. 

10H.O, 

Naz2Bi90i¢.10H2O} 34-6 10:1 10-0 54-7 33°3 9-0 29-0 91-3 
205 | NaCl,H3BOs, 

NazB,o0ig.10H2O} 36-3 1-2 9-4 46:9 55:8 1-0 27-4 84-2 
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Table LI.—Invariant Points in the System H3BO3—KCI-K2B,.0,¢—H2O?** 


g/100 g HO Mol/1000 mol H,O 


Point Solid phases 


H3BOz, | Total 


37 | KCl — 47-1 
181 K2B,,0;,.8H2,O0 a 2:0 
187 | HsBO, 22°8 22°8 
182 | KCI,K2B; 0,6. 

8H,O — 47:2 

195 | KCl, HzBO, 33:6 83-0 
200 | K2B,o0,6.8H.0, 

H;BO, 20:7 245 | Ui 


201 | KCI,K2Bi.O,6. 


8H.O,H;BO; 


K2B,o016°8H,0 


100 mol 100 mol 
K2ByoO16 H;BO; 


Fic. 42.—System KCI-K2B,,0:,-—H3;BO3;—H2O at 36°C*"* 
(A) 


(B) 


) 5 10 15 20 25 


Fic. 42a.—Solubility diagram of the ternary system H,BO3-KH,PO,-H,0. (A) °% H3sBOs3 (by 
weight); (B) °% KH2PO, (by weight)?®® 
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Table LI.—Solubility of Orthoboric Acid in CaClz Solutions?®° 


g H3BO;/100 g H2O at various temperatures 


g CaCl./100 g H2O 


30°C 80°C 
0-0 6:7 8:7 5 23-6 
4°8 a9 9 0-3 22:1. 
15-0 4-4 9 7:8 
28:7 — 4-7 6:3 15-1 
42:0 3:0 4:2 5°6 13-7 
56:2 2°8 3°8 a2 12-0 
71:0 3°4 4-3 35 11:5 
108-3 — ast 7:0 14-1 
: — — » Bee 


H;BO;-acetic acid-H2O. Acetic acid has a salting-out effect on the solubility of 
boric acid. Stabilization of metaboric acid was observed in such a system, indicating 
a slow hydration process.**? So-called diboric oxide tetraacetate, BgO(OAc)., has been 
prepared and its reactions with metal acetates studied.*”° A batch or continuous process 
for the production of boron acetate from boric acid and acetic anhydride has been 
described.*78 


H;BO;-oxalic acid-H2O. Ina similar phase study applied to this system it was found 
that metaboric acid did not hydrate in concentrated aqueous solutions of oxalic acid, 
but did so in more diluted (< 50%) solutions.**? The solubility of orthoboric acid has 
been determined from 55°C down to the freezing point.*7* A cryohydrate point occurs 
at —2:1° and has the composition H3BO3 3-3°%%, H2C2O.4 4:3°%, and H2O 92-4%. As 
the temperature is increased, relatively more oxalic than boric acid goes into solution, 
but at constant temperature there is an increase in mutual solubility which may be 
attributable to the formation of boro-oxalate complexes. The existence of such com- 
plexes had been discussed in earlier work.*75-® 


H;BO;-tartaric acid-H,0. This system was reported to display no complex com- 
pounds as equilibrium solid phases, although viscosity, density, and electrical con- 
ductivity of the solutions suggest the formation of 1:1 and 1:2 complexes in solu- 
tion.?°° 862-4 One of the schools later reported the existence of H3BO3,2H2C4H.Og¢.*7” 
The solubility of boric acid is increased by the presence of tartaric acid. Thermogravi- 
metric study of mixtures of boric acid and tartaric acid suggest the formation of a 1:1 
complex.°°® Melting point diagrams have been constructed and the existence of a 
complex conjectured in such higher temperature systems.*®+ 


H;BO;-citric acid-H,O. Studies including complex formation, solubility, density, 
viscosity and refractive index established that the solubility diagram has three crystal- 
lization branches corresponding to the parent acids and H;BO3;2H3;C,H;O,.*2° 


H;BO;-urea—H2O. No evidence of compound formation was found in the earlier 
studies of this system.°°° 3°! The ternary eutectic was reported to be at — 14°C, witha 
liquid composition of 3-7% H3BOs, 365% urea, and 59:8% H.O. The solubility of 
urea in the system is little influenced by the H3BO3,°°° but the solubility of boric acid 
is doubled with urea®®’ at 30°C. The density and viscosity of the solutions vary addi- 
tively.2°! More recently, a binary compound H3BO3,2CO(NH2)2 was reported to be 
formed at 52°-75°C.*°}: 402 


H,;BO3-thiourea-H.O. This system has been examined at 25°C.°°? The solubilities 
of each of the two solids is relatively unaffected by the presence of the other; however, 
there is some evidence for the formation of solid solutions of thiourea in boric acid. 
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NON-AQUEOUS SOLUTIONS OF BORIC ACID 


Boric acid is soluble in many non-aqueous solvents, especially hydroxylated organic 
compounds. Often this solubility is a result of reaction, and these cases are discussed 
in more detail elsewhere in this volume under the heading appropriate to the reaction 
product; Section A17 is devoted to esters of boric acid. Earlier studies are summarized 
in Mellor,®? where it is illustrated that the solubility in mixtures of the lower aliphatic 
alcohols and water shows a minimum at certain ratios of water to alcohol. Nikolaev 
and Kurnakova*® have reported values for several organic solvents at 20° and 25°C, 
as shown in Table LIIJ. Additional data are given by Schneider.*°* Data for surface 
tension and viscosity of solutions of boric acid in methanol are given by Kozakevich.?® 

Semenchenko?®*? has predicted that the solubility of a substance has a maximum at 
some medium dielectric constant of the solvent; the greater the polarity of the solute, 
the higher the dielectric constant at maximum solubility. Boric acid is shown to fit 
this predicted behaviour, with the data shown in Table LIIa. 

Sciarra®*° 373 has examined the solubility of boric acid in a number of organic 
solvents useful in pharmacy. His results at 25°C are shown in Table LIIIa.°°° He has 
made a detailed study of the system H3BO3-sorbitol-H2O; the results of solubility 
and specific gravity in the system are summarized in Tables LIIIb and LIIIc.?7° 

Early work on the effect of organic solvents on the dissociation of boric acid in 
aqueous solutions has been reviewed in Mellor.®? Further studies have been made.?® 361 
Aleksandrov et al. report pK’s for boric acid as 13-23 in 50:50 methanol—benzene and 
11-36 in 47:47:6 methanol—benzene—water.?°! 

The solubility of boric acid in liquid ammonia is reported to be 1:92 g/100 g NH; 
at 25°C.%° It is said to be insoluble in liquid sulphur dioxide.®°° 


H;BO;-formamide; H;BO;-dimethylformamide. Orthoboric acid reacts with both 
formamide and dimethylformamide (DMF) to form formic acid, water and the corres- 
ponding amine pentaborate.?9” 29° This reaction accounts for the thick anodic films 
formed on aluminium.°°’ When metaboric acid (II or IID) is dissolved in cold dimethy]- 
formamide and the solvent evaporated under vacuum, 2HBO2,DMF is obtained?°®; 


Table LIIa.—Solubility of Boric Acid in Several Solvents at 20°C 354 


Solvent mol fraction H3BO3 
Water 0-014 
96:5°% formic acid 0-017 
Glycerol 0-271 
Glycol 0-206 
Methanol 0-125 
Acetone 0-103 
150-amyl alcohol 0-059 


Table LIT.—Solubility of Boric Acid in Some 
Organic Solvents 


Solvent 


Methanol 

Acetone 

Methyl ethyl ketone 
Methyl butyl ketone 
Isoamyl alcohol 
Ethyl acetate 

Fusel oil 

Aniline 
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Table LUlIa.—Solubility of Boric Acid in Various Solvents at 25°C335 


Solubility Specific gravity 
Solvent ———_q_c—c—c—c—c—ccwr— ecm cr 
ml solvent/g y Aa 4 °% Volume Solvent Saturated 
solute solution 
boric acid 
Water 18-08 5:24 S35 1-0000 1-0203 
Propylene glycol 5-44 15-06 16-23 1-0360 1-0774 
Polyethylene glycol 
400 11-37 7:82 8:97 1-1230 1-1470 
Polyethylene glycol 
600 16°51 5:38 6:13 1-1250 1-1399 
Sorbo 3°45 222) 28-80 1-3023 1-2933 
Dextrose-10°% 18-31 527 2 }eo 1-0363 1-0524 
Dextrose-25°% 19-23 4-78 525 1-0884 1:0977 
Mannitol-10°% 14-64 6°62 6:96 1-0325 1:0517 
Maltose-10°% 18-15 5°32 5-61 1-0351 1-0541 
Lactose-10°% 17-86 5:42 5:71 1-:0346 1-0533 
d-Levulose 10°% 18-10 5-33 5-63 1-0369 1-0559 
d-Levulose Syrupy 19-17 4-08 5-09 1:2786 1-2470 
Glycerin 3°89 17:55 22:29 1-2454 1-2703 


Table LIIIb.—Composition of Boric Acid-Water—Sorbitol System at 
Various Temperatures?" 


Composition 


Boric | Sorbitol, 
ys Ke acid, ee 


Yo 


similarly by dissolving the metaboric acids in boiling DMF and cooling the solution. 
It has been claimed that boric acid solutions in DMF can be titrated with lithium 
isopropoxide solutions, although the significance of the titre is open to question.?99 


SOLVENT EXTRACTION OF BORIC ACID FROM AQUEOUS SOLUTIONS 


The solubility of boric acid in various organic solvents that are immiscible with water 
has been studied as a means of separating boric acid from aqueous solutions. Vino- 
gradov and Azarova®°? have determined the distribution constant of boric acid for a 
number of organic liquids at 25°C. Their results for water solutions are shown in Table 
LIV. The effect of magnesium chloride on the distribution constant is shown in Table 
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Table LIUIb.—continued 


Table LiIIc.—Specific Gravity of Saturated Solution of Boric Acid in 
Sorbitol Solution at Various Temperatures?"? 


Concentration of Specific gravity 

sorbitol, 
°% w/w 

Zi 2a0 30° 40° 50° 60° 

0 1-018 1-020 1-023 1-029 1-036 1-046 

5 1-036 1-038 1-041 1-047 1-053 1-061 

10 1-056 1-056 1-059 1-064 1-071 1-079 

15 1-074 1-075 1-077 1-082 1-084 1-096 

20 1-095 1-095 1-096 1-101 1-108 1-114 

25 1-113 1-114 1-116 1-120 1-124 1-131 

30 1-134 1-134 1-140 1-140 1-145 1-150 

35 T-T52 1-152 1-154 1-157 1-163 1-167 

40 1-165 1-164 1-166 1-170 1-171 1-187 

45 1-190 1-191 1-192 1-194 1-197 1-206 

50 1-211 1-210 1-210 1-210 1-214 1-221 

55 1-231 1-231 1-232 1-234 1-235 1-240 

60 1-253 1-252 1-252 1-254 2:257 1-258 

65 1-274 1-272 272 1-271 1-273 1-272 

70 1-294 1-292 1-293 1-291 1-290 1-294 


LV; it is evident that magnesium chloride has a ‘salting out’ effect on boric acid, 
increasing its relative solubility in the organic phase for most cases. The distribution 
of boric acid between isoamyl alcohol and water at temperatures from 15° to 45°C 
has been investigated.?°” The distribution is found to be substantially independent of 
temperature over the range studied, as illustrated in Fig. 43. 

The effect of hydrochloric acid on the distribution of boric acid between water and 
isoamyl alcohol has been studied.*1° The region of immiscibility in the system dis- 
appears as the concentration of hydrochloric acid increases, as indicated in Fig. 43a. 
Table LVa summarizes the effect of hydrochloric and boric acid concentrations on 
their respective distribution constants in the system. The presence of hydrochloric acid 
increases the relative concentration of boric acid in the organic phase. The effect of 
temperature on the distribution constant for boric acid between isoamyl alcohol and 
aqueous solutions containing chlorides of magnesium, lithium, sodium, potassium, and 
cesium has been studied at 25°, 50°, and 75°C.°11 The distribution constant increases 
with temperature for solutions containing chlorides of sodium, potassium and caesium, 
but decreases with increasing temperature for all the others. It is suggested that the 


Refs. p. 311 


Properties and Reactions of Boric Acid 


Table LIV.—Extraction of Boric Acid from Aqueous Solutions®°° 


Extracting agent 


Hexane 
Dodecane 
Hexadecane 
Cyclohexane 
Benzene 
Toluene 
Chloroform 
Nitrobenzene 
Chlorobenzene 
Tetrachloromethane 
Cyclohexanone 
Acetophenone 
Trioetylamine 
Butyl acetate 
Pentyl acetate 
Dibutyl ether 


Extracting agent 


DOMP? 


n-Dodecanol 


n-Decanol 
n-Nonanol 
n-Octanol 
Ethyl acetate 
n-Hexanol 


Benzyl alcohol 
Cyclohexanol 


TBP? 


3-Methylbutanol 
n-Pentanol 
2-Methylpropanol 
n-Butanol 


D-PMP* 


* DOMP= dioctyl methyphosphonate 


> TBP=tributyl phosphate. 


° D-PMP=di-isopentyl methylphosphonate. 


Table LV.—Extraction of Boric Acid from Magnesium Chloride Solutions®°° 


Extracting 
agent 


n-Butanol 


2-Methyl- 
propanol 


n-Pentanol 


3-Methyl- 
butanol 


Pt E> 
IOARAS 
=SOon | 


aa 
oe 


| 


ADH NY NOMHW WF ODANW QGDAIADLH 
=HfRSR ONNR © ONONOD CoUwoOhON 


oars = ee SS Pee eo AT SSS 


0:93 
1:64 
1-88 
Dri? 


* TBP=Tributyl phosphate. 


> DPMP =di-isopentylmethyl phosphate. 


Extracting 
agent 


3-Methyl- 
butanol 
(contd) 


n-Nonanol 


303 
HBO, 
0:10 
0:13 
0:14 
0:16 
0-18 
0:21 
0:23 
0:23 
0-24 
0-28 
0-28 
0-30 
0:36 
0-42 
0-52 
B 
1-16 89 
3:99 | 2-41 67 
4-41 4-40 73 
4:65 | 5:66 72 
ae 0-16 00 
1:00 | 0:26 520 
1:86 | 0:45 408 
2:18 | 0-50 357 
2:56 226 
3-77 104 
4-05 78 
5-10 48 
— — (ee) 
1:44 0-00017] 2530 
2:14 0-00024] 2290 
3-75 153 
4-61 30 
(0.6) 
43 
19 
27 


differences in behaviour are associated with differences in hydration of the respective 
cations. Other studies of this system have been made,*12-"* including its use in separating 
boron isotopes.?14 

The distribution of boric acid between aqueous solutions and octanol has been 
studied.**° Ethyl ether has been studied as an extractive solvent for boric acid®1&!® in 
connection with studies on the recovery of uranium values from ores and process 
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150 


__ Boric acid concentration 
in alcohol phase (millimol/ litre) 


6) 50 100 150 200 250 300 350 
Boric acid concentration in water phase (millimol / litre) 
Fic. 43.—Equilibrium distribution of boric acid between isoamyl alcohol and water?97 


iso-C5H,,0OH 


bz b; b HCl 
HO 


Fic. 43a.—Representation of the H3BO;-HCI-H.O-iso-C;H:,0H system??° 


solutions. The distribution constant (Cetner/Caqueous) is reported to be 0-056.°1” The 
results of Bachelet et al.31° are summarized in Table LVI. 

A study of the distribution of boric acid between tri-n-butyl phosphate and aqueous 
solutions suggests that the mechanism of solution in the ester is the formation of a 1:2 
complex between boric acid and the ester.*!° The effect of magnesium chloride is to 
increase the concentration of boric acid in the organic phase, as illustrated in Fig. 44. 
The effect of temperature on the distribution constant follows the relationship: 


din k/dT = 4H/RT? 


Values of 4H were —0-49 and —0-53 kcal/mol for boric acid concentrations of 0°51 
and 1-35 g/litre, respectively. The effect of other acids varies with their concentration, 
at first decreasing, then increasing, and finally decreasing the distribution constant, as 
shown in Fig. 45. The explanation for the initial decrease is unknown, but the increase 
is postulated as a ‘salting in’ of the organic phase; the subsequent decrease is postulated 
to be a ‘salting out’ of the organic phase as the concentration of the acid becomes high 
there. 

The industrial implications and implementation of solvent extraction as a means of 
recovering or removing borates from aqueous solutions and brines are discussed in the 
following section (A7). The favoured reagents are aliphatic diols*®®: 47° and naphtha- 
lene diols.*7}> 472 


BORON-SPECIFIC ION-EXCHANGE RESINS AND ADSORBENTS 


The use of ion-exchange resins for the removal of boron from aqueous solutions, 
especially from dilute solution, has been well investigated. Kunin, Preuss et al. de- 
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Table LVa.—Distribution of Orthoboric Acid Between Hydrochloride Acid 
Solutions and Isoamyl Alcohol®*° 


Concentration Distribution ||Concentration| Distribution || Concentration| Distribution 


in aqueous constants in aqueous constants in aqueous constants 
phase, wt. % phase, wt. °% phase, wt. °% 

HsBO3 | HCl} HsBO; | HCl || HsBO3 | HCl} HsBO3 | HCI || HsBO; | HCl | H3BO3 | HCl 
0-09 0:27 — 0-23 | 3-21] 0-34 |0-078) 0-51 {12:21} 0-43 | 0-30 
0:38 0-28 — 0-52 | 3-23] 0-34 |0:078) 1:04 |12:22) 0-43 | 0-30 
0-90 — 0-28 — 1°55 | 3-21 |. 0:34 [0-078] 1:98 |12-18] 0-42 | 0-30 
1-81 — 0-28 — 2°63 | 3-:22| 0-34 |0-078] 2:77 |12:07} 0-40 | 0-30 
2°88 — 0-28 — 4°41 |3-22} 0-34 |0-078) 0:55 |16-43! 0-45 | 0-40 
3°66 — 0-29 — 0-45 |665}] 0:39 |0:16 1-42 |16-44) 0-45 | 0:40 
5:19 — 0-28 — 0:97 |665} 0:39 |0°16 2:27 | 16°79} 0-44 | 0-40 
0:92 |1-78| 0-32 |0:046] 2:04 | 6-65] 0-39 |0-16 0-44 |22-11) 0-50 | 0-58 
3:14 |1:78| 0-32 |0-046) 3-67 |663] 0-38 {0-16 0:95 {22-12} 0:50 | 0:58 

1:89 {22-06} 0:49 | 0-58 


Table LVI.—Distribution of Orthoboric Acid Between 
Water Solutions and Diethyl Ether**® 


Solvent Temp. | Soly. of H3BO3 
(g/100 g 
solvent) 
Et2O (anhyd.) 12° 0-074 
EteO (satd. with H2O) 14° 0-1 
Et20+7:-2 g 
UO2(NO3)2.6H2O 16° 0-16 
Et20+ 6°6 g 
UO2(NO3)2.6H20 18° 0-14 
Temp. Partition 
coefficient 
15° 0-038 
12° 0-035 
14° 0-024 
14° 0-025 
14° 0-028 


veloped and patented®2° %21 a boron-specific ion-exchange resin based on a chloro- 
methylated styrenedivinyl benzene copolymer, which has been aminated with N-methyl 
glucamine. It is known commercially by the Rohm and Hass trade name ‘ Amberlite 
XE-243’. This resin has a high capacity for boron absorption as shown in Table 
LVIla, b which compares it with several other commercial ion-exchange resins, and 
illustrates the effect of other solutes on the absorption in terms of boron concentration 
in the solution before and after a single pass through the resin bed. Resin capacity as 
affected by regeneration and other constituents of the solution in terms of grams of 
boron per litre of resin (at 10% boron leakage) is shown in Table LVIIIa, b. Studies 
involving the use of Amberlite XE-243 have been published*®> *®° and the preparation 
and performance of closely similar resins have been described.*®’ 

Other workers have studied different types of ion-exchange resin for the removal or 
concentration of boric acid from aqueous solutions; including the resins ‘Amberlite 
IRA-400’,9?2 ‘TRA-410’,922; 323 ‘EDER-10P’,324 and ‘Amberlite JR-120’.°?8 It has been 
pointed out that the boron capacity of an anion-exchange resin of a strong-base type 
varies considerably with the boron concentration in the solution.?2® 929 425 This is 
attributed to the presence of polymeric anions in solutions at higher concentrations. 
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y (g/ litre ) 


x (g/litre') 


Fic. 44.,—Partition isotherms for boric acid.°19 (1) Without salting-out agent; (2)-(4) In the 
presence of magnesium chloride; MgCl. concentrations: (2) 0:28 M; (3) 0:94 M; (4) 1:58 M 


0 1 2 3 a 5 


Acid concentration (/V) 


Fic. 45.—Extraction of boric acid in the presence of inorganic acids.*!° H;BO; concentration 
0-11 g/litre: (1) HClO.; (2) HNO3; (3) HCI; (4) H2SO,; (5) HF 


A sorbitol-based borate-specific resin has also been made.*®® Ion-exchange resins 
have been studied in the separation of boron isotopes; often glycerol is added to the 
solution in this work.?2°-”: 38° @ values of the order of 1-:016—1-018 have been obtained. 
Ion-exchange resins have been used to prepare high-purity boric acid solutions by 
passing the solution through a resin bed to remove impurity ions, especially iron, but 
to allow the boric acid to pass through.?2® 331; 332 

- The use of charcoal as an adsorbent for boric acid from aqueous or alcoholic solution 
has been studied*°*; capacities ranged from 11-5 to 30-8 milligrams of boric acid per 
gram of bone charcoal at 10°C for boric acid concentrations ranging from 2°91 to 
11-60 g/litre. However, the most extensively studied adsorbent for boric acid is mag- 
nesium oxide, the use of which in removing borate ions from aqueous solutions such 
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Table LVIa.—Comparison of Boron-Specific Resin with 
Conventional Anion Exchange Resin for 
Adsorbing Boron®?* 


Solution conc., p.p.m. B 


Resin Ionic form 

Before After 

Boron-specific resin Free base 10-8 0-0 
Chloride 10-8 0-0 

Amberlite IR-45 Free base 10°8 10-7 
Chloride 10-8 10-8 

Amberlite IRA-401 Hydroxide 10-8 5-0 
Chloride 10°8 0-8 


* Batch adsorption from 500-p.p.m. solution of NaCl. 


Table LVIIb.—Batch Adsorption of Boron by Boron- 
Specific Resin from Various Solutions®?* 


Solution conc., p.p.m. B 


Solution 
10% H.SO, 10-8 3-2 
4% HCl 10:7 2:9 
0:2 M NaH2PO, 10:8 1:9 
0:2 M NazHPO, 10-4 0-5 
4% NaOH 10:4 0:6 
4% NH.OH 11:3 1:5 
500 p.p.m. CaCl, 10-9 0:0 
Deionized water 10:7 0-0 


Table LVIIIa.—Regeneration of Boron-Specific Ion 
Exchange Resin®?} 


Column capacity,’ g B/litre resin 


* Breakthrough capacity corresponding to 10% 
boron leakage using 500 p.p.m. NaCl containing 
10 p.p.m. B. 

> lb. H2SO, per cubic foot of resin followed by 2 lb 
NHsg (as 4% NH.OH). 


Table LVIIIb.—Column Capacity* of Boron- 
Specific Ion Exchange Resin??1 


Influent Capacity 
g B/litre resin 
10 p.p.m. B as HeBO2 3-6 
500 p.p.m. NaCl+10 p.p.m. B 3-6 
500 p.p.m. NaHCO;3+ 10 p.p.m. B 3-6 
12% MgCl.+ 100 p.p.m. B 2°8 


* Capacity at 10% leakage following regeneration 
with 3 lb H2SO, (109%) and 2 lb NH3.(4°%%) per cubic 
foot of resin. 
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as brines and mineral waters is described in numerous articles and patents.*#9-54 The 
mechanism of adsorption has been investigated in considerable detail, some workers 
believing either that Mg(OH). acts as an ion-exchanger or that there is a structure 
change in the crystal lattice.*°° Others consider compound formation to be more 
likely with the hydroxides of magnesium and other divalent metals, where the anions 
tend to be polyborates rather than simple orthoborates.**® Rates of sorption of boric 
oxide on magnesium have been measured*®” and a laboratory method of determining 
the activity of magnesium oxide has been developed.*2° Adsorption is greatly influenced 
by the origin, and especially the temperature of calcination, of the magnesia.*5> 457-61 
Magnesite, brucite marble and dolomite are all effective when calcined.*>> 458-6! The 
presence of sulphate anion interferes with borate adsorption.*°® The sorption diagram 
of the complex system H3BO3—-MgCl.—Zr(OH)4—H2O has been described.*®? 

Boric acid is adsorbed on clays and other soil constituents; the adsorption follows the 
Langmuir adsorption isotherm,°°* and is affected by other constituents in the soil 
solution, such as calcium ion, or pH. 

The chromatographic behaviour of boric acid and borates on Whatman No. 1 
filter paper has been studied,*** using a wide variety of solvents and other components. 
No evidence for separation of polymeric borate ions could be found, and R; appeared 
to be affected primarily by the acidity of the medium, in the absence of materials 
forming complex ions with borates. The formation of complex borate ions, such as 
borotungstates, was demonstrated in a number of cases. 

The concentration of boric acid solutions by the passage of electrical current through 
an electrolytic cell with three compartments separated by ion exchange membranes 
(one cation exchange—MK40, and one anion exchange—MA40) has been investi- 
gated.°°° In order to decrease the cell resistance the cathode compartment contained 
potassium chloride, the anode compartment magnesium sulphate or sulphuric acid, 
and the central compartment was packed with the cation-exchange resin KU-2. 
Recirculation of anolyte and central compartment solution (the experimental solution 
containing boric acid) was also used. Apparent current efficiencies in excess of 100% 
suggest that a polymeric ion containing more than one boron per unit charge is being 
transported. The effect of pH on transport in a similar cell (five compartments with 
IRA-120 or IRA-400 membranes) showed a maximum transport at pH 11.339 


MISCELLANEOUS REACTIONS OF BORIC ACID 


The interaction of boric acid solutions with the corrosion products of nickel 
chromium steels has been investigated**!-?; boron is absorbed into oxidic corrosion 
products, including corrosion films, in a reversible equilibrium of uncertain type. The 
action of boric acid on aluminium surfaces has also been studied**?; it appears that 
boron is incorporated into the surface to aid in preventing further corrosion. 

The effect of boric acid on the thermal decomposition of metal perchlorates has been 
studied***; it is suggested that the decomposition is accelerated through formation of 
the metal borate and perchloric acid. The direct reaction of boric acid (or boric oxide 
or metal borates) with hydrogen in the presence of aluminium halides above 100°C 
is Claimed to produce high-purity diborane.°*° 

Boric acid is known to form compounds with many leather tanning substances, such 
as quebracho, tannin, catechin, etc.°*® Gels useful in cosmetics and pharmaceuticals 
are Claimed from the reaction of boric acid (or borax) with aqueous solutions of 
Al(OH),-Cl3-. such that the final atomic ratios are 7-5 Al, 3 Cl, and 0-65-3-7 B.34” 

Boric acid is claimed to react with organic isocyanates,°*® and di-isocyanates?*?; in 
the latter instance polymeric materials are obtained. It also reacts with polysiloxane 
materials to form ‘bouncing putties’ of various types; examples are discussed in 
references 350 and 351. A resinous material useful for impregnating porous materials 
is claimed from the reaction of boric acid with dicyandiamide and formaldehyde.?®2 

The exchange of heavy oxygen between water and boric acid is rapid at 100°C.35? 

Boric acid forms coloured complexes with many organic dyes, which can be used 
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in analytical procedures for boron or for the dye itself. Examples of these complexes 
and their absorption spectra are provided in references.253-® 

Boric acid (glass) serves as an excellent base for phosphors, in that many different 
organic molecules can be dissolved in the melt at relatively low temperatures without 
decomposition; the resulting solid solutions (after cooling) show fluorescence under 
activation with ultra-violet light. Kasha®’® has provided directions for the preparation 
of suitable specimens for optical research. Neelakantam and co-workers®’’-®! have 
examined many organic compounds of differing types in a study of factors affecting 
wavelength, intensity, and duration of phosphorescence. Typical examples are presented 
in Table LIX. Additional studies have been made by other workers, see for example 
references 382-6. Although there is some evidence for reaction between boric acid and 
some of the added organic molecules, it is not a necessary condition for fluorescence 
or phosphorescence. The fluorescence of the products of the reaction of boric acid 
with some of the added molecules in sulphuric or phosphoric acid solution has been 
used as a sensitive analytical detection method for boron.*”’-® %®° It has been suggested 
that the fluorescence upon reaction with boric acid represents a positive test for the 
presence of a hydroxyl group ortho to a carbonyl group in aromatic compounds, 
although the lack of such fluorescence does not prove the absence of such a grouping.?”8 
The observed fluorescence is a function of the added organic molecule, and is not 
observed in pure boric acid. It is due to triplet—singlet transitions?®®-°° of the organic 
molecule; in many cases the triplet. state has a long lifetime in boric acid glass, and 
direct study of the properties of this state can be made by virtue of the phosphorescence 
saturation phenomenon,°?? such as direct determination of the magnetic suscepti- 
bility.39 
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SECTION A7 
PRODUCTION OF BORIC ACIDS 


BY D. L. PERRYER 


The two boric acids of commerce are orthoboric acid, H3BO3, and metaboric acid, 
HBO. The former, more often referred to simply as boric acid, is encountered far more 
frequently in industry and is produced at a rate of over 200,000 tons annually, which 
is at least a thousand-fold greater scale than the latter. Much orthoboric acid is, 
however, first dehydrated to the metaboric acid stage in situ in connection with air 
oxidation of hydrocarbons. 


ORTHOBORIC ACID 


Laboratory Preparation 
Boric acid is readily prepared by acidifying a hot concentrated solution of borax.® 
Na2B,O7, 10H,O a H.SO, > 4H3BO3 ie Na2SO, st SH2O 


The boric acid can be recovered by filtering it from the sodium sulphate liquor. It 
can also be prepared by reaction of a mineral acid with one of the insoluble borates.* 
For example, a hot suspension of ground colemanite in water when treated with 
sulphuric acid gives calcium sulphate and boric acid: 


2CaO,3B203,5H20 + 2H2SO,+ 6H20 — 2CaSO,,2H20 + 6H3BO3 
Gypsum 


By filtering off the gypsum while the reaction mixture is still hot and cooling the 
filtrate, boric acid is obtained in good yield. 


Industrial Production 


Boric acid is obtained industrially from the naturally occurring acid contained 
in various fumaroles, particularly the ‘soffioni’ at Lardarello in Italy, and from 
borate minerals and brines by chemical reaction. : 


FROM FUMAROLES OR ‘SOFFIONI’ 


The quantity of commercial boric acid made from natural fumaroles is relatively 
small; it was about 2000 tons/year in 1950.2 Besides boric acid, which is present 
at a concentration of 0:35 g kg~1 vapour, there are other materials of commercial 
interest, in particular carbon dioxide, ammonia and the inert gases helium, argon 
and neon.? The steam is used directly in turbines for power generation and is then 
condensed to give a solution containing 0-4-0:5°% of boric acid and 0-1-0-3% by 
weight of ammonia. Evaporation using low-pressure steam produces boric acid 
crystals which, after centrifuging and drying, have a purity of 95-97%%.° A method 
of extracting boric acid from the steam using a soap or oil emulsion which does not 
absorb other constituents has been proposed.* The borate emulsion is acidified, 
washed with a sodium salt solution to extract the boric acid, re-saponified and 
re-cycled. 
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There are published a number of reviews on the early history of boric acid produc- 
tion from Italian soffioni.>~’ 


FROM BORATE MINERALS 


Relatively few of the large number of borate minerals are significant in the 
production of boric acid. The most important for industrial requirements are mainly 
those of the alkali and alkaline-earth metals and include borax (Na2O,2B203,10H,0), 
kernite (Na2O,2B203,4H2O), ascharite (2MgO,B203,H2O), colemanite (2CaO,- 
3B203,5H2O), ulexite (NazO,2CaO,5B203,16H2O) and hydroboracite (CaO,MgO.,- 
3B2,03,6H.2O). 


Sodium Ores 


Boric acid is produced from the sodium borates using sulphuric acid, giving 
sodium sulphate as a by-product. This is recovered from solution either as the deca- 
hydrate®, which can then be dehydrated in a calciner, or directly as the anhydrous 
salt.° The unusual solubility characteristics of sodium sulphate, which is more sol- 
uble at higher than at lower temperatures?°, permit these alternative methods of 
separating the sulphate. To produce the decahydrate, borax is dissolved in sodium 
sulphate mother liquor in a cyclic process and treated with sulphuric acid at 40-45°C. 
On cooling this solution deposits boric acid, which is then separated by standard 
techniques. Addition of more borax at this stage, followed by further cooling, causes 
the sodium sulphate decahydrate to crystallize.® The mother liquor is re-cycled to 
the first stage. Phase diagrams'! of the system NazSO,-Na2B,0;-H3BO;-H.O at 
20:5°C, 23-5°C and 28-5°C help to explain this technique. 

Anhydrous sulphate can be obtained by carrying out the reaction at an elevated 
temperature.*’** Borax and sulphuric acid are added at 50°C to a re-cycled boric 
acid mother liquor which is saturated at 95°C with respect to sodium sulphate and 
at 30°C with respect to boric acid. The solution is then heated to 95°C so that the 
solubility of sodium sulphate is exceeded, but that of boric acid is just below satura- 
tion. This results in the precipitation of anhydrous sodium sulphate, which is 
separated. On cooling the mother liquor, boric acid crystallizes out while sodium 
sulphate remains in solution. After separation of the boric acid, the resulting mother 
liquor is re-cycled to the first stage of the process. Because of the gain in water con- 
tent due to the chemical reaction, crystallization of boric acid is usually carried out 
by air cooling or in vacuum crystallizers so that the excess of water in the liquors 
is removed.?? 

Techniques for producing boric acid directly from crude borax ores containing 
about 259% of B2Og3 (borax contains 36:59% of B2O3) have been proposed.}3-15 The 
presence of ferric iron in the liquors, which is dissolved from the gangue constitu- 
ents of the ore, tends to inhibit the precipitation of anhydrous sodium sulphate and 
thus hinders the correct operation of the process. The removal of the ferric iron by 
addition of alkali to convert the iron to the hydroxide, addition of sodium thio- 
cyanate, or use of a reducing agent such as sulphur dioxide can restore conditions 
such that sodium sulphate is no longer present as a supersaturated solution.1® For 
iron concentrations of 100 p.p.m., for example, addition of about 3 1b of sulphur 
dioxide per 5000 U.S. gal of solution is sufficient to reduce all the iron to the ferrous 
State. 

Boric acid can be obtained directly in the solid form by the reaction of borax sus- 
pended in cold water with sulphuric acid, the amount of water present being just 
sufficient to dissolve the sodium sulphate thus formed, but insufficient to dissolve 
either the borax or the boric acid.17-!® Potassium pentaborate can be substituted 
for borax in the reaction with sulphuric acid?°, giving potassium sulphate as a by- 
product by evaporation of the mother liquors, which are then re-cycled. 

Other acids such as nitric acid?°, phosphoric acid?! and sulphur dioxide 22 can be 
used to obtain boric acid from borax, giving as by-products sodium nitrate, NaNOs, 
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sodium dihydrogen phosphate, NaH2PO, and sodium bisulphite, NaHSOs, respec- 
tively. 

Ammonium sulphate can replace sulphuric acid in the reaction with borax 2% 
forming ammonia as a by-product. 

The use of carbon dioxide has been suggested as a means of decomposing borax 
to give boric acid.2* Sodium bicarbonate is produced as a by-product, and the reac- 
tion must be carried out under pressure to increase the solubility of the carbon 
dioxide and to cause a favourable shift in the equilibrium reaction shown below. 
Starting with sodium tetraborate age Apps the chemical reaction is expressed 
by the equation: 


Naz2BsO7,5H20 + 2CO2+2H20 = 2NaHCO; + 4H3BO3 


By using the appropriate mixture of borax decahydrate and pentahydrate, the 
need to add or remove water in the process is avoided. In cyclic processes, which 
are more convenient for commercial use, temperatures between 25° and 75°C and 
pressures between 30 and 615 lb in~? (abs.) can be used. The success of the process 
depends on application of the NazO-Bz03;—CO2—H20O phase diagram at various 
temperatures and pressures. Empirical formulae?* can be used to calculate the 
reagent concentrations, temperature and pressure of carbon dioxide for a particular 
mother liquor. In a typical cycle 4:18 lb of borax pentahydrate are added to a boric 
acid mother liquor containing 3-74 lb of Na2O, 11-8 lb of B,O3 and 82-2 lb of H2O 
at 32°C and under a carbon dioxide pressure of 48 lb in~? (abs.). The resulting 
solution is heated to 45-7°C and the carbon dioxide pressure increased to 615 lb in~ 2 
(abs.). Sodium bicarbonate precipitates at this point and is removed by filtration. 
The crystals are washed with 0-25 lb of water and the washings added to the filtrate. 
Boric acid is then crystallized from solution by cooling the filtrate to 32°C and by 
releasing the carbon dioxide pressure to 48 lb in~? (abs.). After washing the boric 
acid crystals with 0-26 1b of water, which is added to the filtrate, the cycle is re- 
peated. The boric acid yield is 3-55 1b per 100 1b of boric acid mother-liquor per 
cycle. 

Ion-exchange resins can be used for the production of boric acid from sodium 
borates, and although strongly acidic resins having SO3H groups as the exchange 
sites are satisfactory, weakly acidic cationic exchange resins having carboxylic 
groups as the ion exchanging media?° are preferable since they can be regenerated 
with almost quantitative efficiency. A concentrated solution of borax in re-cycled 
boric acid mother-liquor is first passed through the ion-exchange resin in its acid 
form at about 80°C. Sodium is removed almost quantitatively. The resultant boric 
acid solution is cooled to 20-30°C; boric acid crystallizes and is removed to give 
a 97% yield. The boric acid mother-liquor is recycled. Regeneration of the resin 
to convert it back from the sodium into the acid form with re-cycled sodium sul- 
phate mother-liquor containing 10°% sulphuric acid is then carried out, also at 
80°C. The resultant liquor is cooled to crystallize sodium sulphate in 65% yield. 
The sulphate is separated and the mother-liquor is re-cycled. An advantage of this 
method is that boric acid is crystallized from liquors almost free from sulphate 
and can be obtained sufficiently pure for commercial use directly without the need 
for recrystallization. 

Electrodialysis has also been proposed for boric acid production.?® 2” A borax 
solution is placed in the anode compartment and a mineral acid, such as sulphuric 
acid, in the cathode compartment. The two solutions are separated by a commercial 
Semi-permeable membrane which allows the passage of sodium ions only. When a 
potential difference is applied between the electrodes, sodium ions migrate through 
the membrane to the cathode compartment, forming sodium sulphate, while the solu- 
tion in the anode compartment becomes progressively more concentrated in boric 
acid. A continuous process can be developed, although the maximum temperature 
is limited to about 50°C to avoid deterioration of the membrane. The process is 
more efficient when the sodium salt of a strong acid, for example, sodium sulphate, 
is placed in the anode compartment with the borax. Similarly, a strong acid such 
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as sulphuric acid placed in the cathode compartment ensures high conductivity and 
allows complete decomposition of the borax. 


Sodium Borate Brines 


The chief commercial source of boron compounds in the form of brine is Searle’s 
Lake in California, U.S.A.?® Borax is present in the brines at concentrations of 
about 1:59 by weight together with variable quantities of numerous other salts, 
the chief of which are sodium chloride (16:5°%), sodium sulphate (6:8°9%), potassium 
chloride (4:89%), sodium carbonate (4:8%) and sodium phosphate (0-16°%).11 
Smaller quantities of sodium iodide and bromide and lithium chloride are among 
the other salts present. 

The basic problem is the initial isolation of borax from the brines before conver- 
sion by standard techniques to boric acid. Although there are only two soluble 
metallic cations and four anions of any significance, the complex nature of the 
brine means that a considerable number of multi-component phase equilibria had 
to be evaluated before an economic process could be designed and operated.?! 

The process for producing borax started in 1916, and was improved in 1921 as a 
result of research on phase equilibria. However, boric acid was not produced until 
1927.7® In the original process brine was pumped from wells and concentrated in 
triple-effect evaporators.?° Various salts, mainly sodium chloride, sodium car- 
bonate and burkeite (2Na2SO4,NazCOs) separate and are removed by classifica- 
tion in a continuous separator. The concentrated liquor, free from solids, is then 
cooled rapidly to crystallize potassium chloride, which is removed leaving a super- 
saturated borax solution. This is seeded and cooled to produce sodium borate penta- 
hydrate, which in turn is recrystallized to produce either Repts- or decahydrate, 
part of which is used to feed the boric acid plant. 

A later modification involved carbonation of the lower strata brines to produce 
further quantities of borax and sodium carbonate.2° 

In 1962, a new process using liquid-liquid extraction for separating borax from 
the brines was started. This involves the use of an organic polyol as the extractant.®° 
Although early work had been directed at the recovery of borates by extraction with 
alcohol**, only isoamyl alcohol*?-* and fusel oil** had previously shown any pro- 
mise and these had low distribution coefficients. Diethylene glycol has also been 
suggested as a solvent.** The discovery that aliphatic polyols such as 1,2-octane 
diol, 2-ethyl-1,3-hexane diol and 1,2,6 hexane triol have specific selectivity for boron 
compounds*® was a significant advance. Extraction of a solution containing 1:2% 
of borax and a variety of other salts with an equal volume of a 50:50 mixture of 
2-ethyl-1,3-hexane diol and ether gave the results shown in Table I. 

Later developments in polyol synthesis have shown that aromatic polyols have 
extraction coefficients in the range 50 to 100.9 36-7 


Table I 


Concentration in Concentration after 


aqueous solution, extraction 
%, before —— 
extraction “ein % in 
aqueous organic 
solution phase 
NaCl 19-49 0-06 
Na2SO, — 0-00 
NaeCO3 3-70 0-07 
Na2B,07 0:17 2:50 
Wt-% NazB.O, of total solids 


— 95:1 
Na2B.O, distribution coefficient . 
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The selective action of the polyol on the borate is believed to be due to the forma- 
tion of 5- or 6-membered rings with the boron atom as follows*": 


hon i | 
—C—O O—C— 


The organic extract is acidified with dilute sulphuric acid, giving boric acid, sodium 
sulphate and the regenerated extractant which is recycled to the extraction stage. 
After evaporation, the liquor is cooled and boric acid is crystallized; further cooling 
produces sodium sulphate. 


Calcium Ores 

When sulphuric acid is added to colemanite (2CaO,3B203,5H2O) or pandermite 
(4CaO,5B203,7H2O), the by-product is insoluble calcium sulphate® in the form 
of gypsum: 


4CaO,5B203,7H2O + 4H.SO, +aq. = 4CaSO.,2H2.O ae 10H3BO3 + aq. 


The mixed mineral ulexite Na2O,2CaO,5B203,16H2O reacts with sulphuric acid 
to form sodium sulphate and gypsum ®*® as waste products. 

The reaction with these minerals is normally carried out hot (80—90°C) by first 
grinding the mineral, mixing with re-cycled mother-liquor, heating, and adding 
concentrated sulphuric acid. After filtering off the gypsum, the hot liquor is cooled 
to crystallize boric acid, which is removed by centrifuging. The mother liquor is 
then re-cycled. With ulexite, removal of sodium sulphate is necessary either by 
evaporation and crystallization, or by discarding some of the mother liquor. Boric 
acid obtained from ulexite is contaminated with sodium sulphate and has to be 
either thoroughly washed or recrystallized. 

Although decomposition with sulphuric acid is still the commonest technique 
employed for the production of boric acid from the calcium borates, various other 
methods have been proposed. Thus sulphur dioxide has been suggested as an alter- 
native to sulphuric acid. By bubbling this gas through a suspension of ground ore 
in water ®?-*! calcium sulphite is precipitated and can be filtered off before crystal- 
lizing the boric acid. An ingenious technique using the variation of solubility of 
boric acid in the system Na,O-B.O;—H-O has been suggested.*2-? Ground coleman- 
ite is suspended in a solution saturated with boric acid and containing sodium sul- 
phite in such quantity that the molar ratio B2O3: Na2O is 3:1. Reaction takes place 
with the colemanite forming calcium sulphite and sodium borate. The calcium sulphite 
is filtered off and discarded. Boric acid remains in solution in the filtrate since the 
B2O3:Naz2O ratio is increased to 6, which is at a high point in the solubility curve 
for boric acid in the presence of sodium in solution. The filtrate is treated with sulphur 
dioxide, which reacts with the sodium borate to form sodium sulphite, bisulphite and 
boric acid. The boric acid is precipitated and removed by normal methods, and the 
mother-liquor is recycled. One advantage of this process is that it can be conducted at 
ambient temperatures. 
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Hydrochloric acid**°, phosphoric acid*® and nitric acid*” have all been sug- 
gested as alternative reactants for decomposing calcium borates to form boric acid 
and the corresponding calcium acid salt. 

The action of cation-exchange resins on calcium borates by suspending the 
ground mineral in water and adding the appropriate quantity of resin in the H+ 
form*® has been proposed. Exchange of the calcium ions for hydrogen ions leads 
to the formation of boric acid and the calcium form of the resin, which is then 
regenerated with strong mineral acid. 

Electrolysis can also be applied to insoluble borates*® by mixing them with a 
soluble salt such as calcium chloride or sodium sulphate to form an electrolyte, 
heating to 95°C and passing a current between an iron cathode and carbon anode. 
Boric acid collects in the anode compartment, the contents of which are filtered 
and cooled to produce the boric acid. 

Apart from the use of sulphuric acid, perhaps the most important alternative 
commercial method employs ammonia and carbon dioxide. Garbato, Giorgini and 
Nencetti°°"?, who give a useful bibliography, treat finely ground colemanite with 
a solution of ammonia and carbon dioxide. After completion of the reaction, the 
resulting calcium carbonate is removed by filtration and the solution is boiled to 
decompose the ammonium borate formed. The process proceeds according to 
the following reactions: 


2CaO,3B203,5H20 + 6NH3 + 2CO2.+ 4H20 — 2CaCOs + 6NH,H2BO3; 
6NH.,H-2BOs boiling > 6NH3 aie 6H;BO;3 


Best results were obtained by calcining ground colemanite at 500°C to give a 
fine mineral (92°% passing 200 mesh) and treating this at 55°C with a mother-liquor 
containing a 22°% excess of ammonia and a 72°% excess of carbon dioxide with 
respect to stoicheiometric quantities. Decomposition of the ammonium borate by 
distilling the solution followed by cooling the resultant liquors gives boric acid in 
97°%% yield. In this process only carbon dioxide is consumed. Most of the ammonia 
can be recovered and re-cycled. 

In May and Levasheff’s process®? ammonium borate is crystallized from solu- 
tion and calcined to remove the ammonia. Ammonium sulphate can also be used to 
decompose colemanite °? by reaction at 95-105°C to form calcium sulphate, ammonia 
and ammonium pentaborate. The pentaborate is reacted with ammonium bisulphate 
to form boric acid and ammonium sulphate, which is re-cycled. Carbon dioxide 
and ammonia are used to convert the calcium sulphate to calcium carbonate and 
ammonium sulphate. Calcination of the ammonium sulphate gives the bisulphate 
used in the decomposition of ammonium pentaborate and ammonia, which is re- 
covered. 

Alternatively, the solution of ammonium borates formed by the initial reaction 
between ammonium sulphate and colemanite can be treated either with carbon 
dioxide or sulphur dioxide, after filtering off the calcium sulphate, to precipitate 
boric acid.°* The use of ammonium sulphate is unlikely to be as attractive commer- 
cially as the direct use of ammonia and carbon dioxide because of the additional 
processing steps involved. 

Carbon dioxide itself has been proposed for the decomposition of colemanite®>-® 199, 
pandermite®®, inyoite®® and hydroboracite.°* By heating a mixture of colemanite 
(80 parts) and silica (32-2 parts) in the presence of water to 260°C with carbon 
dioxide under pressure, boric acid is formed in high yield together with calcium 
carbonate.®°> 90-92°% of the boric acid can be extracted by heating the finely 
ground mineral (minus 60 mesh) with water and 30% carbon dioxide to 100°C 
and 15 atm for 1:3 h. The filtrate is acidified and cooled to yield boric acid.°® De- 
composition of minerals containing only 10°% of B.O3 and calcareous dolomite 
by first calcining the mineral to ca. 1100°C followed by treating it in aqueous sus- 
pension at 20-50°C with carbon dioxide has been found an effective method of 
producing boric acid®”’, although calcination at a lower temperature (500—550°C) 
is said to be just as effective.°® 
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Magnesium Ores 

The decomposition of ores containing magnesium, such as_ ascharite 
(2MgO,B203,H20O) and hydroboracite (CaO,MgO,3B203,6H2O) with sulphuric 
acid presents the problem of removing the soluble magnesium sulphate from the 
reaction circuit while retaining a high yield of boric acid. Because of the high solu- 
bility of magnesium sulphate, discarding a proportion of the mother-liquor, with a 
consequent loss of boric acid, is usually necessary to remove all the magnesium 
sulphate produced in the reaction. Magnesium ores are plentiful in the Inder region 
of the U.S.S.R. and provide the raw materials for a large part of the borate industry 
there. Berlin®°-®* reviews some of the technical problems facing the industry in 
Russia and suggests that ores containing calcium and magnesium should be treated 
with 25% less than the theoretical quality of sulphuric acid ®? to get the best results. 

A number of methods have been proposed for dealing with the magnesium sul- 
phate produced in the reaction between ores containing magnesium and sulphuric 
acid. The mother-liquor obtained after crystallizing the boric acid can be concentra- 
ted by evaporation and crystals of MgSO.,,7H2O separate out.®*-* The concentrated 
liquor is then re-cycled to the process. Addition of sodium sulphate®® followed by 
evaporation causes the magnesium to be removed as a double sodium magnesium 
sulphate. The addition of magnesium hydroxide or carbonate has also been pro- 
posed®® to facilitate the crystallization of the sulphate. 

Batuner®’ studied the phase diagram H2O-H.SO,-MgSO.—-H;BO;3 and found 
that the solubility of boric acid in the presence of 50°% sulphuric acid and magnesium 
sulphate is almost doubled. He also found that sulphuric acid can salt out mag- 
nesium sulphate and added sulphuric acid to the mother-liquor after concentrating 
it by evaporation. The mother-liquor containing the sulphuric acid used for salting 
out was then used to decompose the ore after removing magnesium sulphate. 
Scholle et al.®*-° added sulphuric acid to a mother-liquor nearly saturated with 
magnesium sulphate, obtained by re-cycling the brine to the reactor. Magnesium 
sulphate was precipitated by the salting-out effect. After removal of the solids, 
the liquor was evaporated under vacuum until the acid sulphate of magnesium 
could be separated. The residual liquor was then recycled to decompose further ore. 

Complete separation of boric acid and magnesium sulphate is not possible by 
crystallization techniques, which result in a loss of up to 15° of the B2O3 content 
of the ore in liquor discarded from the system. For this reason, separation by ion 
exclusion using strongly basic anion-exchange resins was proposed by Popov and 
Kononov”°, who give a useful bibliography. Ion exclusion can separate two soluble 
compounds only if one of them is strongly ionized in solution, as in the case of 
magnesium sulphate, and the other only slightly ionized, e.g. boric acid. Solutions 
containing 0:-5M-H;BO3, 1-6mM-MgSO, and 0:07M-H2SO, could be effectively separ- 
ated using this technique to give dissolved concentrations higher than those in 
the original mother-liquor. The use of a flotation agent has also been suggested for 
separating boric acid.’1~? 

Simultaneous production of fertilizers in conjunction with boric acid is one method 
of utilizing boron contained in discarded mother liquors. Thus, decomposition of 
magnesium borate or mixed calcium magnesium borate ores with phosphoric acid 73-® 
or mixtures of phosphoric acid and sulphuric acid”* produces boric acid, calcium 
phosphate, Ca(H2PO,)2, and magnesium phosphate, Mg(H2PO.)2, in solution. 
Neutralization with lime or ammonia precipitates partly soluble phosphates and 
these can be used to form fertilizers containing phosphorus, boron and magnesium. 
Alternatively, a mixture of nitric and sulphuric acids can be used.’?®° The mother- 
liquor, after cooling and removing boric acid crystals, can be evaporated to give a 
fertilizer containing nitrogen and boron or treated with solid potassium chloride 
to give potassium nitrate by crystallization. Further treatment of the filtrate with 
lime gives a low grade boron—magnesium fertilizer. This method is claimed to reduce 
the boric acid losses by two-thirds. 

Kurman, Berlin and Katalymov’’ made tests on a variety of low-B.O3 content 
Russian ores, including datolite (B20; 3-8°%%), tourmaline tailings (B20; 2:5-6°%) 
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and Inder borates (B203 up to 20-30%) and used the mother-liquors for boron— 
magnesium fertilizers and for making the mixed ammonium-boron sulphate, 
NH,B(SO,z)2. The mother-liquors can also be neutralized with lime’® or chalk7® 
and evaporated to dryness. 

The discarded mother-liquor has also been used for preparing thermo-insulating 
material by mixing it with lime, decanting supernatant liquor and mixing the re- 
sultant slurry containing 60—-65°% moisture with asbestos.®° 

The use of mother-liquors containing magnesium to decompose calcium borates 
has been proposed.®? Magnesium sulphate contained in the liquors reacts to form 
boric acid and calcium sulphate which, it is claimed, is more freely filtered when 
produced in this way. Treatment of brines or liquors containing boron and mag- 
nesium with a saturated solution of lime so that the boron is precipitated with the 
magnesium hydroxide has been proposed.®? Further treatment of the boron—mag- 
nesium concentrate with lime water in two stages produces a boron-rich concen- 
trate. 

Parameters affecting the reaction of sulphuric acid with hydroboracite and ascha- 
rite have been studied in some detail by Yakhontova and Kuznetsova ®?, who give 
the effects of temperature, duration of reaction and solid-—liquid ratio on the extent 
of decomposition. The effects of re-cycling the mother-liquor to the reactor were 
also determined. A bibliography is given. 

Zdanovskii and Imamutdinova studied the rates of dissolution of various borates, 
including inyoite, hydroboracite, ulexite and colemanite in sulphuric and hydro- 
chloric acids.°4-> The effect of acid concentration was studied and an expression 
developed in terms of physical parameters for the rate of dissolution. 

A method of extracting boric acid from kotoite, a mineral found in Korea having 
the composition 3MgO,B203 and normally occurring mixed with iron oxide and 
calcium and magnesium carbonate, has been described.*®-”’ The mineral is heated 
with excess of hydrochloric acid to dissolve carbonates, filtered, treated with mag- 
nesium carbonate to neutralize excess of acid, again filtered and then cooled to 
crystallize boric acid. 

A 90-93% yield of boric acid can be obtained from ascharite and hydroboracite 
by treating the ground ore in aqueous suspension with a strongly cationic ion-ex- 
change resin and a small quantity of a sodium salt as catalyst.2®°° Regeneration 
of the separated resin with 2N sulphuric acid allows it to be reused. Purity of 99% 
is claimed by this method. 

Cationic resins have also been used for removing magnesium ions from mother- 
liquors resulting from the reaction between high magnesium-content ores and sul- 
phuric acid.°* For example, 10 kg of ascharite containing 29:3°% of B2O3 and 
18°% of MgO is suspended in hot, re-cycled, treated mother-liquor and concentrated 
sulphuric acid. Boric acid is crystallized from the cooled solution and the mother- 
liquor is then passed through a cationic ion-exchange resin to remove magnesium 
ions. Sixty litres of resin will treat 55 litres of mother-liquor, which is washed 
through the column with 30 litres of hot and then 15 litres of cold water. The first 
12 litres of treated mother-liquor coming from the column are discarded; the rest 
is re-cycled for a fresh reaction with the ore. The resin is regenerated with 6N-HCl 
or -H2SQ,, the eluate being neutralized with magnesite to give a liquor containing 
20% of MgSQ,. 


Ores Containing Silicon 


Datolite, 2CaO,2Si02,B203,H2O, is the commonest borate ore containing silica 
and reacts the most readily. Tourmaline, a complex ore containing silica and oxides 
of sodium, iron, magnesium and aluminium, but only about 3°%% of B2Os, has also 
been tested. 

Datolite is treated with sulphuric acid to form calcium sulphate and boric acid.?2 
For an ore containing 4:9°% of B2Os, 11:66 tons of ore and 2-83 tons of sulphuric 
acid are required to produce 1 ton of boric acid.°* Some difficulty is experienced with 
colloidal silica, and this can be coagulated with organic bases such as pyridine in con- 
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junction with aluminium hydroxide®?-* or by adding 50-150 g 1~! of magnesium or 
sodium sulphate to the reaction mixture.?° 

Comparative data are given by Schmutzler and Kircheisen°® for the production 
of 1 ton of boric acid from datolite, colemanite and ascharite/hydroboracite. Since 
9-12 tons of mud result from the production of 1 ton of boric acid from datolite, 
the economics depend on the effective utilization of this large quantity of waste pro- 
duct. 

Datolite can also be ignited at 800-850°C®"’, or treated with superheated steam 
at 950-1200°C °°, and then treated with sulphuric acid, filtered, boiled with lime- 
stone to remove heavy metals, and then processed further to give boric acid. Treat- 
ment at 850—-1100°C with an alkali-metal or alkaline-earth carbonate has also been 
described.°° 9° 

Boric acid can be obtained from tourmaline by first calcining and then treating it 
with sulphuric acid, filtering and evaporating the filtrate.1°° Alternatively, it can be 
mixed with carbon with or without an alkali-metal or alkaline-earth carbonate, 
fired at 1200°C and then extracted with dilute acid.?° 


Miscellaneous Techniques 


Preparation of boric acid by treating hot borax solutions with barium hydroxide 
to produce barium borate, Ba(BO2)2, as an intermediate is described.1°? The barium 
borate is filtered off and then suspended in water in an autoclave at 110°C and treated 
with carbon dioxide at a pressure of 250 lb in~? (gauge). Ninety-nine per cent con- 
version to boric acid is claimed. 

Conversion of amorphous or crystalline boron to boric acid by photosynthesis 
has been described by Calcagni.’°* By suspending the boron in very pure water for 
7-11 months, boric acid is formed. 

‘Separation of boron compounds from saturated solutions of borax, boric acid 
and salt by flotation is possible with oleic acid, pyridine and aromatic amines.+°4-> 
Direct separation of boric acid from the reaction mixture of colemanite with sul- 
phuric acid or sulphur dioxide in solution is possible by flotation without any 
flotation agent?°®; 90°%% recovery of boric acid is claimed. The presence of froth- 
controlling salts such as copper or aluminium sulphate is an advantage.!°’ 

Recovery of boric acid from brines containing less than 1°% in solution can be 
effectively carried out using magnesium oxide?°® which acts as an absorption agent. 
The effect of adding salts such as potassium nitrate, magnesium nitrate, calcium 
chloride, potassium chloride or magnesium chloride on the recovery of boric acid 
from brines has been shown graphically.’°° 

Recovery of boric acid from trimethyl borate can be accomplished by adding a 
saturated. boric acid solution to the methyl borate-methanol azeotrope.'?° After 
filtering to remove precipitated boric acid, the methanol is distilled off, and the 
‘bottoms’ give more boric acid on cooling, plus a saturated boric acid solution for 
recycling to the first stage. 


Preparation of Pure Boric Acid 


Pure boric acid having total impurities in the region of 10-20 p.p.m. or less, com- 
pared with the 0:1—1-5°% impurities in the technical grade, is usually prepared indus- 
trially by one of two methods. Recrystallization of the technical grade from aqueous 
solution containing a trace of sulphuric acid?1 using deionized water as the solvent, 
and purification of boric acid solutions by ion exchange are the methods employed. 
Reduction of the iron content of boric acid to 5x 10~"g per g of H3BO3 can be 
accomplished?1? by reducing ferric iron in a saturated boric acid solution with 
hydroquinone or ascorbic acid at 40—50°C followed by complexing the ferrous 
ions with 2,2’-bipyridine. The resulting solution when passed through a mixed-bed 
ion-exchange column gives pure boric acid on crystallization. 

The use of three columns of cationic followed by three columns of anionic resin 
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to purify a 45% boric acid solution at the rate 30-40 ton day~? is described by 
Meleshko et al.113-1* The solution is filtered before passing it through the columns. 
Regeneration of the cationic resin is carried out with N-HCI and the anionic resin 
with 0-25N-NaOH solution. 

Production of pure boric acid from a solution of technical grade borax and boric 
acid containing the equivalent of 146 g17? of boric acid has been described.*+5 
The solution was passed at 1001 min~? through a 1-litre capacity cationic ion- 
exchange column at 80°C giving a product containing less than 0:05°% of Cl~ ions 
and no SO3?7 ions, in 96-99% yield. 


Recovery of Boric Acid from Dilute Solutions 


A number of chemical methods have been suggested for removing boric acid from 
brines and dilute solutions.'1®+° The use of ferric oxide, chromic oxide freshly 
prepared with sodium hydroxide, or aluminium oxide gels prepared with ammonia 
solution has been found effective.1?® The presence of sodium silicate or phosphate 
helps. Regeneration can be achieved by treatment with an alkaline solution fol- 
lowed by rinsing with carbonated water. Gels prepared from lime and aluminium 
sulphate or a ferric salt have been used??"; treatment with sulphuric acid or ferric 
sulphate solution follows to recover the boron. The addition of an alkali to a brine 
containing both magnesium and boron co-precipitates these materials.11® Boric 
acid is released by passing sulphur dioxide through the resulting suspension. Asolu- 
tion containing 14 g of tartaric acid, 42 g of BaClz,2H.O and 100 g of ammonium 
chloride per litre of water has been used to precipitate boron quantitatively as the 
borotartrate from solutions containing 0:005°% of boron as borates.1?° Sufficient 
reagent to give a molar ratio of tartrate to borate of 2:1 must be used, and 10% 
of the reagent volume of concentrated ammonia solution is added just before use. 

The use of strongly basic anion-exchange resins has been described, with per- 
formance details, by a number of authors.1?°-° Ion-exchange resins are also used 
in controlling concentration levels of boric acid in water-moderated nuclear re- 
actors.'7®-° A boron-specific ion-exchange resin based on N-methyl-glucamine is 
described by Kunin and Preuss.'°° The resin is easily regenerated with sulphuric 
acid solutions. Concentration of boric acid using a cationic resin and cationic and 
anionic exchange membranes is described by Shubin and Makovskaya?*! for use 
in the recovery of boric acid from datolite ores. Performance data are given and 
the economics of the process are discussed. 


METABORIC ACID 


Laboratory Preparation 


Metaboric acid, HBOs, crystallizes in three monotropic forms, as shown by 
Kracek, Morey and Merwin?°?, who studied the system B,O03;—H2O over the whole 
composition range and gave a phase diagram. These authors showed that the three 
types are distinguished by different crystal forms, densities and melting points, 
ViZ., 

HBO, I, rhombic, 2:486 g cm~?, m.p. 236°C; 
HBO, II, monoclinic, 2:044 g cm~%, m.p. 201°C; 
. HBO, III, orthorhombic, 1-784 g cm~*, m.p. 176°C. 


When boric acid is slowly heated, water is lost to produce flaky crystals of the 
metastable HBOz2 I at a temperature below 130°C. These crystals slowly change to 
the coarsely crystalline HBOz II if the temperature is kept below 150°C. HBOz I 
may be prepared by slowly dehydrating boric acid in a covered flask and then 
gradually increasing the temperature to 200°C; HBOz I crystallizes out and then 
slowly dissolves.1?% 

Crystals of HBO2z II and HBOz III were as observed by Tazaki***, who does 
not mention the existence of HBOz I. In experiments on the volatility of orthoboric 
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acid in steam, Stackelberg and Quatram!*> found that metaboric acid forms in the 
vapour phase when the steam pressure is 1 atm. and the temperature 141°C. These 
authors also claim that polymerization takes place in the solid state to form a chain: 


—B(OH)O—B(OH)O— 


Urosov studied the decomposition of boric acid at various levels of external pres- 
sure.'°® Hackspill and Kieffer*®” also describe the dehydration of orthoboric acid 
and prepared metaboric acid by heating it in a steam current at 135°C. No mention 
is made by these authors of different monotropic forms. 


Industrial Production 


Industrially, metaboric acid is prepared by heating orthoboric acid in stirred open 
steam-heated vessels at about 130°C.*°® HBOgz III is first formed which on prolonged 
heating gradually recrystallizes to the coarsely crystalline HBO2 II. The decomposi- 
tion stops at this stage unless the temperature is allowed to rise beyond 150°C. 
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SECTION A8& 


SUB-BORIC ACIDS 


BY D. NICHOLLS 


Distinct from the ortho- and meta-boric acids among compounds which contain 
only the three elements boron, hydrogen and oxygen, there exist several in which 
the boron atoms are in formal oxidation states less than + 3. They include sub-boric 
and hypo-boric acids. Many of the compounds either have not been named in the 
literature or have been incorrectly named; for simplicity these compounds, par- 
ticularly those whose structures are uncertain, will be referred to here by formulae 
only. 

Some of the compounds have been isolated only from the hydrolysis products of 
magnesium boride. The early work in this field was reviewed (Mellor, V, 39) and 
more recent work on these particular products is summarized.' It will be convenient 
to discuss first the hydrolysis of magnesium boride and those sub-boric acids which 
can be obtained only by this route. 


Sub-Boric Acids Derived from Magnesium Boride 


The hydrolysis of the hypothetical boride Mg;Bz has produced a variety of sub- 
boric acids. When the boride is hydrolyzed at room temperature by either water or 
dilute acid, the main product? is alleged to be a substance of composition 
Mg3B2(OH)e¢: 

Mg3Bz as 6H2O eg Mg3B2(OH)6¢. aa 3He 


If the hydrolysis is carried out slightly below — 10°C however a different product, 
H3Be(MgOH)s, is formed; this reacts with water at room temperature, liberating 
hydrogen: 

H3B2.(MgOH)s3 fe 3H.O = Mg3B2(OH). Ss 3H. 


The preparation of sub-boric acids from these compounds is summarized in the 
scheme shown in Fig. 1. 


H,.B.O2 
This acid exists in two forms. The a-form is present in the solution from the 


hydrolysis of ‘pure’ magnesium boride. The addition of hydrochloric acid to its 
solutions causes liberation of hydrogen according to: 


H.B202 a H.2B202 5 2He 


Whilst the free acid has not been isolated, its potassium salt, K2H4B2Ox2, [which is 
probably best formulated as K2H2B2(OH).] was prepared? by the action of potassium 
hydroxide solution on magnesium boride. The f-form of HgB2O2 is present in 
solutions obtained by the hydrolysis of magnesium boride which contains unreacted 
magnesium and boric oxide as impurities.* It differs from the a-form in liberating 
only one molecule of hydrogen per molecule of HgB2O. on treatment with acid: 


H.6B202 ag H,B.02 of He. 
The potassium salt, B-K2H2B2(OH)p,, has been isolated as colourless crystals from the 
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Mg3Bz 
H.O 
Onc. 


H;Bo(MgOH)s 


a-HgB2O2 B-HgB2O02 Mg3B2(OH)¢ 


HCl HCl H,2O0 


H2B202 H,B202 H12B,0¢ 


PO hi fp in vacuo 


H,B20,4 B,O; 


0 


H.B,0, 
Fic. 1.—Sub-boric acids derived from Mg3B2 


hydrolysis of a mixture of magnesium boride, magnesium and boric oxide using 
0-01N potassium hydroxide. 

The salts of both isomers form colourless anhydrous crystals and act as powerful 
reducing agents. Salts of silver and gold are reduced to the metals. The acids are 
completely oxidized by nitric acid. The two forms of HgB2O2 may be* cis and trans 
isomers of the anion [HB(OH)—(HO)BH}]?-. 


H,B2,02 

This acid is formed in solution on acidification of B-K2H2B2(OH).2 with hydro- 
chloric acid. Like HgB2Oz it is a powerful reducing agent; with aqueous iodine it 
is oxidized to tetrahydroxydiboron.* The colourless crystalline ammonium salt, 
(NH4)2B2(OH)2, can be obtained® as one product of the fractional crystallization 
(in an atmosphere of hydrogen) of a solution of MgsB.(OH)., in concentrated 
ammonia solution. The crystals are stable in the presence of ammonia solution or 
below 0°C; when heated in vacuo boron monoxide is left as a residue: 


(NH,4)2H2B202 are B202 = 2He2 “a 2NH3 


The potassium salt K2B2(OH), has also been isolated as colourless crystals.* 


H2B,02 


Nea solutions of this acid are obtained by treatment of K2H2B.(OH)2 with 
hydrochloric acid. They are oxidized by aqueous iodine to tetrahydroxydiboron, 
B2(OH)4..* The diethyl ester of H2B2O2 has been prepared® as a dense liquid by reaction 
of dichloroethoxyborane with sodium amalgam: 


2B(OC2H5)Cle + 4Na — (C2Hs;0)B—B(OC2H;) + 4NaCl 


Hi2B.0¢ 


This acid is known only in solution. It is formed when Mg3B.(OH)g¢ is hydrolyzed 
by aqueous ammonia. When its solution is evaporated in vacuo, the colourless 
oxide B,O; ? is left as a residue. 


H.B.0O, 


The white oxide B,O; dissolves in water to form a new compound H2B,4Og.* 
The water-soluble and crystalline ammonium salt, (NH,4)2B.4Og¢, is one of the pro- 
ducts of the treatment of Mg;B2(OH). with concentrated aqueous ammonia. It 
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does not yield hydrogen from acids but gives white precipitates with calcium, 
barium and magnesium salts—a reaction distinguishing it from (NH,)2B2(OH)z. 
On thermal decomposition in vacuum, the ammonium salt yields B,O;: 


(NH4,4)2B:0¢ ar B,O; “+ H,O we 2NH3 


Tetrahydroxydiboron, Hypoboric Acid, H,B.O, 


Tetrahydroxydiboron, I, is the most frequently reported of the sub-boric acids 
and consequently is often called simply sub- or hypo-boric acid: 


HO OH 
ag Pa 
B—B 


Phario. aes 
HO OH 
I 


It is formed as a white microcrystalline solid by the action of water on boron mon- 
oxide: 


B20. ae 2H20 ee B(OH). 


and by the oxidation of aqueous H.B2O2 and H,B2Oz2 with iodine. The most con- 
venient preparative routes however involve the hydrolysis of diboron compounds 
of the type B2X,4, where X=halogen. Thus diboron tetrachloride is quantitatively 
hydrolyzed by water vapour at room temperature” ®: 


B2Cl, +4H20 — B(OH), + 4HCl 


Whilst diboron tetrachloride is difficult to prepare and handle, tetramethoxy- 
diboron can be prepared readily by the sequence: 


2B(OCHs3)2Cl + 2Na — B2(OCHs),4 + 2NaCl 


When it is hydrolyzed, tetrahydroxydiboron is obtained in approximately 80% 
yield © 91°; the loss of product is due to some B—B bond cleavage with consequent 
formation of boric acid and hydrogen. The aqueous hydrolyses of tetraethoxy- and 
tetraiso-propoxy-diboron at O°C however give B(OH), quantitatively®; these 
esters are readily available! from the reactions of the appropriate alcohols on the 
tetrakisdimethylamide, B2(NMez),, in the presence of hydrogen chloride at — 78°C. 
Hydrolysis of Bo(NMez)4 with hydrochloric acid at 0°C gives only moderate yields 
of B.(OH),.” 12 

The standard enthalpy of formation of B2(OH), has been determined ?* by solu- 
tion calorimetry and found to be 4H?= —1400+8 kJ mole~? (—335-1+2-0 kcal 
mole~+). By assuming that the enthalpy of sublimation of B.(OH), is equal to that 
of boric acid, the energy of the B—B bond in B(OH), can be calculated to be 
351421 kJ mole~? (84+5 kcal mole~+). 

The infra-red spectra of B(OH), and B.(OD), have been measured?* over the 
range 400-4000 cm~?. The vibrational frequency of the B—B bond occurs at 1150 
cm~*; other peaks and assignments are 575cm~1 (O—B—O deformation), 
1320 cm~? (B—O stretching), 790 and 875 cm~+ (B—OH deformations). 

Tetrahydroxydiboron is soluble in water and methanol. Its acidity is comparable 
with that of boric acid and like the latter it forms a complex with mannitol in which 
there is one hydrogen atom which can be titrated with sodium hydroxide. It can 
therefore be estimated+> by direct titration with alkali; indeed it can be estimated 
in admixture with boric acid simply by performing the caustic soda titration before 
and after oxidation of the hypoboric acid. The magnesium and barium salts of 
hypoboric acid, Mg2B.0, and BazB2O,, can be crystallized® from the solutions of 


Refs. p. 342 


Sub-Boric Acids 337 


the metal hydroxides in aqueous hypoboric acid. On oxidation, tetrahydroxdiboron 
yields two molecules of boric acid: 


2B2(OH)a. “| 2H20 -+- Oz > 4B(OH)3 


Oxidizing agents capable of bringing about this oxidation include hydrogen per- 
oxide, permanganate, silver(I) and cerium(IV). Oxidation with molecular oxygen 
occurs rapidly in alkaline solution. The reduction of silver ions may be used as an 
analytical method since the reaction: 


2Ag* + B2(OH).+2H20 — 2Ag+2B(OH)3+2H* 


proceeds with quantitative precipitation of metallic silver. The hydrolysis of B(OH). 
is typical of B—B species. At 25°C in water very little hydrogen is evolved®; in the 
absence of oxygen and in strongly alkaline solution, quantitative fission of the B—B 
bond occurs ?°: 


20OH~ + B,04- —> 2BO3- + He 


The measurement of hydrogen evolution is also useful in determining hypoboric 
acid in a mixture of hypoboric and boric acids, or boron monoxide in admixture 
with boric oxide. 


Boroxine, H3;B;03 


Whilst substituted boroxines have been known for some time, e.g. B303(CHs3)z3 1?” 
and B3;03Cl, 18, the parent boroxine, II, has been isolated? and studied only since 
1963. 


Hao” Boy 
ll 


Boroxine is formed as a gas in the reactions of hydrogen with mixtures of boric 
oxide and boron??: 


3H2+2B+ 2B2,03 — 2H3B303 


or boric oxide and carbon?® 2° at temperatures in the range 1000—1500°C. It can 
be condensed to a white solid at — 196°C, but when warmed to room temperature 
decomposition begins; diborane is evolved and boric oxide remains: 


2H3B303 Se BoHe mE 2B,03 


Boroxine is thus an important intermediate in the synthesis of diborane from boric 
oxide, carbon and hydrogen.*® The high-temperature reaction between water vapour 
and boron also produces boroxine: 


6H,O0 = 6B — 2H3B30¢3 ae 3He 


Alternative routes to boroxine involve the partial oxidation of boron hydrides. 
Thus boroxine is formed as an intermediate in the reaction of pentaborane-9 with 
oxygen?1-?; the precursor of boroxine in this reaction is probably? HBO or 
H.BOH. The solids produced in the reaction act as catalysts to accelerate the rate 
of decomposition of the boroxine formed. A simplified preparation of boroxine, 
starting from diborane, has been described.?* The reaction between diborane and 
oxygen is initiated by an electric discharge. Best yields of boroxine are obtained 
using a 1:1 mole ratio of diborane and oxygen; the reaction stoicheiometry is 
approximately: 


B2He + O2 — 0:32H3B303 + 2°8H2 + O-4B203 
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If oxygen is in excess, oxidation to boric oxide occurs: with diborane in excess, 
the decomposition of the boron hydride becomes important since the pyrolysis is 
more rapid than the oxidation. | 

Structural studies on boroxine have been limited to infra-red and thermochemical 
methods. The infra-red spectrum of solid boroxine?° measured as a film at — 150°C 
may be interpreted on the basis of the six-membered ring structure characteristic 
of boroxine derivatives, although the appearance of more than one terminal B—H 
stretching frequency in the 2500-2600 cm™! region may be due to the fact that 
the atoms in the ring are non-coplanar. The infra-red spectrum of gaseous bor- 
oxine???° has been measured at room temperature in presence of excess argon, 
which decreases the rate of decomposition of the boroxine. The spectrum is similar 
to that of the isoelectronic molecule borazine and is consistent with a planar Dz, 
structure. 

Thermochemical data for the reaction: 


3H.(g)+ B+ B20; — H3B303(g) 


have been determined over the temperature range 1290—-1481K using a mass-spec- 
trometric technique.'9 The heats of formation of solid and gaseous boroxine at 
298K have been evaluated?’-*; more recent workers estimate these heats of forma- 
tion to be —1261+10 (—301-74+2°5) and -—1216+8kJ mole™1 (—291:0+2:-0 
kcal mole~*) respectively. 

Gaseous boroxine produced in the high temperature reactions is thermodynamic- 
ally unstable with respect to B2He(g) and B.O3,(s) at room temperature; B;03;H; 
molecules produced at high temperatures do, however, show kinetic stability at room 
temperature. Evaporation of solid boroxine does not produce boroxine gas in any 
significant amount; diborane is evolved only slowly below 0°C but rapidly above 
15°C. When reactions are carried out with solid boroxine at room temperature the 
diborane produced by the decomposition must be removed by evacuation im- 
mediately prior to the reaction. 

The reaction of gaseous boroxine with oxygen at room temperature produces a 
new species, H2B.03.2° 2° Using infra-red absorption techniques it has been shown 
that the reaction: 


H3B303(g) + 400(¢) — H2B20s(g) + 4B203(s) + $B2He( 2g) 


is first-order in HzB3O03 pressure and. approximately zero-order in oxygen pressure. 
The rate of the reaction is accelerated in vessels coated with solid boric oxide. When 
*8Q. is used as the reactant, the product is mostly H2B.1°O1"O, indicating that the 
reactant oxygen molecule is retained in the product.?° This fact is consistent with 
the proposed mechanism®° for this reaction which involves the slow formation of 
H2B203 ‘i 


slow 


H3B303(g) + O2(on B2O3 surface) ——> H2B203(g) + HBO.(adsorbed) 


and the fast decomposition of the species HBO... Boroxine reacts with carbon 
monoxide to yield borane carbony]??: 


H3B303(g) + CO(g) —- BHsCO(g) + B203(s) 


This reaction can be used as a convenient preparative route to borane carbonyl. 
The high temperature boroxine is condensed to a solid which is then maintained 
at —29°C while carbon monoxide is admitted; the mixture is then warmed to room 
temperature and borane carbony] is evolved. The kinetics of this reaction have been 
studied.°° The rate of reaction is very fast compared with that between diborane 
and carbon monoxide at low pressures. The reaction of solid boroxine with carbon 
monoxide may occur via a surface active BH3 species which is formed in the initial 
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stages of decomposition of the boroxine. The addition of carbon monoxide then 
results in rapid formation of borane carbonyl] via the reactions: 


H3B303(¢) ca B203,(s) = BH,(surface) 
BH3(surface) + CO(g) — BH3;CO(g¢) 


This mechanism accounts for the formation of diborane as a decomposition product 
of boroxine: 


2BH3(surface) > B2He(g) 


The formation of borane carbonyl] in the reactions of hydrogen with B,O3-—C and 
B.C-TiOz mixtures?® at temperatures above 900°C is thus accounted for, since 
both boroxine and carbon monoxide are produced in these reactions. Phosphorus 
trifluoride reacts with gaseous boroxine®? at room temperature in a manner exactly 
analogous to carbon monoxide: 


H3B303(g) + PFs(g¢) — BHsPF3(g) + B2O3(s) 


Kinetic studies indicate that the rate-determining step in this reaction is the slow 
decomposition of boroxine, the phosphorus trifluoride then reacting on the surface 
as in the carbon monoxide reaction. 

Boroxine undergoes substitution reactions with hydrogen chloride. When the 
reaction is carried out with gaseous boroxine at temperatures in the range 1090-— 
1150K, mono-B;03H2Cl, di-, Bs03HCl. and trichloroboroxine B303Cl3 are pro- 
duced.?® If a large excess of hydrogen chloride is used, boron trichloride is also 
formed as a product. These reactions have been studied mass-spectrometrically 
and thermochemical data for the reaction: 


B3;03H3(g) +nHCl(g) — Bs03Hs3 -nCl,(g) + nHe(g) 


have been tabulated.2® 

The reactions of boroxine with the boron trihalides have been studied in some 
detail. With solid boroxine and boron trifluoride at room temperature, HBF2 is 
produced; the reaction is more rapid than that between diborane and boron tri- 
fluoride at similar temperatures. For the reaction: 


$BeHe(g) + BF3(¢) — HBF2(g¢) 


4H at 296K =12:5+2-1 kJ mole~! (3:0+0-5 kcal mole~+). A possible reaction 
sequence is°?: 


B;03H3(g¢) + BF3(g¢) — Bs03H2F(g¢) + HBF2(g) 
B;03;H2F(g) + BF2(g¢) — Bs03HF2(¢) + HBF2(¢) 
B;03HF2(g) — HBF2(g¢) + B203(s) 


Boron tribromide reacts with solid boroxine in a slightly different manner. The 
product formed at room temperature is BzHsBr, but at 100°C HBBrz is obtained 
in good yield.** Low-pressure reactions of gaseous boroxine with boron trihalides 
produce the dihalogenoborane and boric oxide.°* These reactions have been studied 
kinetically using infra-red absorption techniques. The reactions are approximate to 
first-order in boroxine pressures and reaction rates increase in the order BF; < 
BCI; < BBrs; the reactions are accelerated in cells coated with solid boric oxide. 
Using 1°B-labelled compounds, the spectra of the products show that the boron 
atoms in H3;B3;03 appear in HBX. and the boron atom in BXz appears in B2O3. 
A surface mechanism accounting for the ?°B distribution in the products has been 
proposed.®° 


Hydroxyboroxine, H3B3;0, 7 
This compound has been observed?® in small yield in the He—B—B,O3 system 
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used for preparing boroxine. Little is known of its chemical properties but thermo- 
chemical data for the reaction: 

H3B303(g) + $B203(/) > HsB30.(g) + $B(s) 
have been tabulated for the range 1020—1303K. The heat of formation of hydroxy- 
boroxine, 4H ?, at 298K = — 1643+ 29 kJ mole~! (—393+7 kcal mole~+). 


Trihydroxyboroxine, HzB3;0¢ 
The monomer HBOgj is the main boron-containing gaseous species in equilibrium 
with B,O3(/) and H.O(g) in the temperature range 1061--4151K; the trimer H3B30¢ 
however, believed to be trihydroxyboroxine, III, is produced in less than 1% yield.*° 


OH 


Pa a 
HOGeiO® gc OH 
ul 


Its heat of formation 4H? at 298K has been quoted?® as —2261+42 kJ mole7? 
(541+ 10 kcal mole~?). 


H,B,0, 

A molecular species with the formula H.B,0, has been identified?” mass-spectro- 
metrically as a product, in low yields only, of high temperature reactions in the 
H,O-B system. For the gas phase reaction: 

$H3B303 — H,Bi0O, 
4H° at 1 200K= —10:5+8-4 kJ mole~? (—2:5+2-0 kcal mole~+) and the heat of 
formation of H,B,0,(¢g), 4H°= — 1 639+17 kJ mole~! (—392+4 kcal mole~') at 
298K. This molecule is probably a derivative of boroxine and the structure IV, 
represents a likely configuration: 


Hv es Bt! 


IV 


H.B,O, 

This molecule has also been identified°’ mass-spectrometrically along with 
H.4B.0,4 in the hydrogen—boron-oxygen system at high temperatures. For the 
reaction: 

H4B,0.,(g¢) + B2O3(/) — H4Bs0-(¢) 
4H° at 1200K = —3-7+ 8-3 kJ mole~! (—0-9+2-0 kcal mole~+), and for H4B,O-(g) 
4H°= —2888+21 kJ mole~! (—691+5 kcal mole?) also at 1200K. The tentative 
structure, V, has been proposed for this molecule. 


i Hii Pan 
eo oe 
H H 
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H,B203 

This compound was first observed *° as an intermediate in the oxidation of penta- 
borane-9 and was subsequently identified°® mass-spectrometrically from the same 
reaction. If oxygen is added slowly to gaseous pentaborane-9 in a borosilicate glass 
vessel, the reaction is not explosive at ordinary temperatures; the reaction proceeds 
heterogeneously and products include diborane, hydrogen, solid boric oxide as 
well as gaseous H2B203. Alternatively H2B2.03 can be prepared by the oxidation 
of boroxine with molecular oxygen 2%’ °°, and it has been shown? that in the oxida- 
tion of pentaborane-9, boroxine is formed initially and further oxidation yields 
H2B.0;3. The oxidation of tetraborane and borane carbonyl also yields H2.B2O3. 
Isotope distribution experiments indicate that while the precursor to H3B3;03 
and H2B203 in the pentaborane—-oxygen reaction is probably HBO or H.BOH, 
in the tetraborane and borane carbonyl—oxygen reactions the precursor to H2B.03 
is probably borane peroxide, H3BOz. The reaction of oxygen with trifluorophos- 
phineborane also yields H.B,.O3.°? 

A convenient laboratory preparation of H2B2O3 from diborane has been des- 
cribed.?° Oxygen is slowly added to diborane held at 20 torr pressure at room tem- 
perature in a borosilicate glass bulb, and an electric discharge maintained near the 
neck of the bulb. Best yields of H.B.O3 are obtained with a Bz2H6:Oz2 ratio of 
e253} 

The infra-red spectrum®® of gaseous H2.B203 shows a B—H terminal stretching 
mode and indicates the presence of only one hydrogen per boron atom; it shows 
no —OH, B—H bridging or B—O groups to be present. The 7!B nuclear magnetic 
resonance spectrum substantiates the presence of a single terminal proton on the 
boron atoms. Two structures are possible: 


H 
B 
Bon a 
cla a pe Ht 
H 0-6 
VI Vil 


Some infra-red evidence favours®® the Ds, trigonal bipyramidal structure VI, 
whilst other infra-red and chemical evidence?* 29: *° favours the C2, planar struc- 
ture VII. A molecular orbital treatment shows that the experimental bond lengths 
are well explained by the z-bond orders.*? The ultra-violet spectrum shows contin- 
uous absorption starting at 2500 A and extending to shorter wave-lengths.* 

The thermodynamic stability of H.B.03 and the thermochemistry of its inter- 
conversion with boroxine have been studied in some detail.29 41 Measurements 
of 4G° for the reaction: 


H3B303(g) + $02(¢) — H2B203(¢) + $B2He(g) + 4B203(s) 


lead to an estimate of the heat of formation of H2B.03(g) at 298K of —838+15 
kJ mole~ + (— 200-4+ 3-5 kcal mole~*). 

The compound H2B.0O3 is unpredictably explosive. It is more stable in the gas 
phase at room temperature than when stored in a condensed phase at low tempera- 
tures. At room temperature, the gas decomposes slowly yielding, amongst the 
products, diborane and boric oxide. The stability of the gaseous H2B2O3 is in- 
creased in the presence of added diborane. The known chemical reactions of H2B2,03 
are confined at present to its inter-conversions with boroxine. It is prepared by 
oxidation of boroxine and can be converted into boroxine by reaction with di- 
borane.*? At ordinary temperatures and low pressures, no reaction of H2B.O3 with 
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diborane occurs; on application of an electric discharge, however, boroxine is formed. 
It decomposes photochemically into boric oxide and hydrogen.*! From mass-spec- 
tral patterns obtained from reaction mixtures by adding ?°B2H.e to BzHe—H2B203 
samples containing the natural 1°B/1!B isotope abundance, and from the observa- 
tion that higher molecular-weight boranes are formed under the discharge condi- 
tions, the reaction is believed to proceed via a BH3 intermediate??: 


BH3(g) + H2B203(g) — HsB302(g) + Ho(g) 
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SECTION A9 


ALKALI-METAL BORATES: 
PHYSICAL AND CHEMICAL PROPERTIES 


BY NELSON P. NIES 


INTRODUCTION 


Gmelin’s Handbook*°*? reviews the literature on the lithium borates to 1960, 
the sodium borates to 1928, and the potassium, rubidium and cesium borates to 
1937. A supplement covering the field to 1973 was published recently.1°8° 

Nomenclature, preparation and dehydration were reviewed in 1933.°°° Discussions 
of aqueous-phase equilibria and other properties appeared in 195611°7, and in 
1964,7°78 1108 Solubility data are given by Teeple+++®4 and Seidell.1!2°4 Anhydrous 
phase-equilibrium data were given by Levin ef al. in 1969.11°° Thermodynamic 
data were tabulated in 19521118 and 19631129 and more recently have been calculated 
for many of the anhydrous lithium, sodium and potassium borates.!°8> Production 
and technology are reviewed annually.'1?? In the present review, the properties of 
the various crystalline hydrated and anhydrous borates of each alkali metal are 
first described. The properties of borate solutions and of molten and glassy borates, 
including their phase equilibria, are then discussed. Chemical properties of particular 
borates may be found either in the sections dealing with those borates, or in the 
general sections on borate solutions, or melts and glasses, as appropriate. 


Nomenclature 


Some of the names in use for the alkali-metal borates are ambiguous. For exam- 
ple, anhydrous borax, NazB,O,7 or Na20,2B.03 is usually referred to as sodium 
tetraborate but is sometimes called sodium diborate. The compound Na2B,O;3 or 
Naz20,4B203 has also been called sodium tetraborate. The compound K2B,O, is 
generally named potassium diborate. For NazO,B203,8H2O (or NaBO2z,4H.O) the 
names sodium metaborate tetrahydrate and sodium monoborate octahydrate have 
both been used; and likewise the compound Na20,5B.03,10H.2O (or NaB;O3,5H2O) 
has been called both sodium pentaborate pentahydrate and sodium pentaborate 
decahydrate. It is therefore desirable, if these or similar names are used, to give the 
formulae.as well. 

The system of nomenclature currently recommended by the International Union 
of Pure and Applied Chemistry*®"’ indicates the number of cations and boron 
atoms in the simplest stoichiometric unit: Na2B,sO7,10H.O, disodium tetraborate 
decahydrate; Naz20,5B203,10H20 or NaB;0g,5H2O, sodium pentaborate penta- 
hydrate; Na2BsgO.3, disodium octaborate. Another system, proposed in 1940 37°, 
states the metal oxide to boric oxide molar ratio in parentheses; Naz2B.,0O, would 
then be sodium (1:2) borate. This system has the advantages of brevity and clarity 
but has not been frequently used. 


Structure 


Numerous reviews of the structural chemistry of the borates have been pub- 
LiSHEG sot AE- A298 G2, 20M, RSs ABS, OLE (O22; E107 Am 1 5/118: and principles have been de- 
veloped to explain and classify their structures.1° 16° 169, 230, 435,832 Boron atoms 
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can exist in threefold (triangular-planar) or in fourfold (tetrahedral) coordination 
to oxygen. If sufficient water is present, the oxygen atoms not shared by two or 
more boron atoms attach a proton and exist as hydroxyl groups. Polyborate ions 
are formed from these triangles and tetrahedra by corner-sharing in various ways. 

Monomeric and discrete polymeric ions are known, containing usually up to 
five boron atoms, although the insular groups may polymerize by splitting out 
water to form ions of much greater size. In ions containing three or more boron 
atoms, the basic structure is a six-membered ring with alternate boron and oxygen 
atoms. Two such rings may be fused at a tetrahedral boron atom. The polyions 
may be linked by shared oxygen atoms to form chains, sheets or three-dimensional 
networks.?11° Boric acid groups may exist in isolated form in the presence of com- 
plex polyanions, or may polymerize and attach to more complex polyions as side 
chains.1®° There is usually, but not always?®®, a tetrahedral boron atom for each 
unit of cationic charge. 

The structures of borate glasses%4?-% 3434 and of anhydrous borate crys- 
tals 943. 1247-8 have been discussed in terms of the ‘structon’ theory. Advances are 
being made in the application of magnetic resonance to borate structure determina- 
tion.1228: 1252, 829A 

A molecular-orbital calculation on a variety of planar boron—oxygen compounds 
showed that variations in bond length are reasonably well explained in terms of the 
m-bond order.1®* Bond lengths suggest that the B—O bonds in boron tetrahedra 
have a bond number a little smaller than 1; in BOg triangles it is a little larger than 
1.1114 Calculations indicated that the size of the z-electron charge on boron varies 
very little among the various borate structures.°°74 


HYDRATED LITHIUM BORATES 


Phase Equilibria in the System Li,O-B,.0;—H.O 


Solubility isotherms in the system LizgO—-B203—-H20 at 10°, 40° and 80°C, and 
data for the isotherms at 20°, 30° and 60°C have been published.®*? The solid 
phases found were compounds with LizgO:B203:H2O molar proportions of 1:1:16, 
1:1:4, 1:2:3 and 1:5:10. In another study, the dilithium tetraborate hydrate in 
equilibrium with aqueous solutions was regarded (probably incorrectly) as the 
1:2:4 rather than the 1:2:3 compound; the 30°, 58° and 100°C isotherms were also 
determined.?°®7°* A more recent study of the 100°C isotherm showed the presence 
of the 2:1:1, 1:1:4, 1:1:1, 1:2:3, 1:2:2, 2:5:7 and 1:5:10 compounds, but there 
was no evidence for a 1:2:4 compound.1?024 


Tetralithium Diborate Hydrates 
TETRALITHIUM DIBORATE MONOHYDRATE, Li,zB205,H2O or 2Li20O,B203,H20 


The 2:1:1 compound is in equilibrium with very alkaline solutions at 100°C. 
Its 100°C isotherm is metastable and its solubility is incongruent. Thermogravi- 
metric analysis showed that it lost its water content at about 200°C.17024 


Lithium Metaborate Hydrates 


SOLUBILITY DATA 


Solubilities in the system LiBO.-H.O are presented in Table I. In connection 
with the transition point at 36:9°C, it should be noted that thermal analysis showed 
the transition at 40°C.1°° The solubility values at temperatures above 37°C given in 
Mellor, V, p. 65, are much higher than the values in Table I because they refer to 
solutions saturated with LiBO2z,8H2O and supersaturated with respect to 
LiBOz,2H.O. Other measurements on this metastable curve (wt-°% LiBOz) are: 40°, 
9-40; 42°, 34-10; 44-8°, 14:7; 46°, 29:97; and 47:1°, 25-67,82 
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Table I.—Solubility of Lithium Metaborate in Water 


Temperature, Solubility, wt-°% Solid phase Reference 
°C of LiBO, 
—0-515 0:75 LiBOz, 8H2O and ice 562 
(cryohydric point) 

0 0-88 682 
10 . 682 
18 . 559 
20 . 682 
23°5 . 108 
25 . LiBO2, 8H2O 559 
30 . 682 
30°8 . 108 
34 . 682 
34-5 6:1 108 
36-9 7-2 Transition point, 682 

LiBO2,8H.O to LiBO2,2H20 

37 7:26 682 
38 7:33 682 
39 7°34 682 
40 7:40 682 
50 7:84 682 
56 8-29 108 
60 8-43 682 
61 8-66 108 
65 8-90 LiBO.2,2H.O 108 
70 9-48 682 
78 9-80 108 
80 10-58 682 
80 9-75 108 
100 9-70 108 
101-2 3-4 682 
125 9-90 108 
150 8-75 108 
180 8-30 108 
200 7:90 LiBO2,4H20 108 
as a 108 
5 85 ; 108 
275 2-60 TABOs 108 


LITHIUM METABORATE OCTAHYDRATE, LiBO2,8H20 or Li2zO,B203,16H2O0 


The 1:1:16 compound, of which the crystal structure is trigonal®°°, is stable in 
contact with its solution below 36-9°C.°°? A published X-ray pattern, said to be 
that of the 1:1:16 compound?°’, appears to be largely that of the 1:1:4 com- 
pound 72412024 instead. The structure contains the B(OH); and Li(OH2)7 ions.93%4 
The infra-red absorption spectrum®?° is similar to that of NaBO.,2H2O, which 
has a tetrahedral borate group. The 1:1:16 compound can be obtained readily in 
pure state, and it has been suggested as a titrimetric standard.°°° It has been recom- 
mended as a component of a shielding material for neutrons and y-rays °°? and has 
some advantages as a component of a scintillator for detecting slow neutrons.®’® 

When the octahydrate is dehydrated at 16°C over concentrated sulphuric acid, 
six of the eight molecules of water are lost in about 45 days, but only 0:5 molecule 
more is lost in the next 300 days.°°? This behaviour accords with the presence 
of the B(OH); ion. Thermogravimetric analysis with a heating rate of 30° per 
hour?°7-® also shows a rapid loss of six of the eight molecules of water, below 70°C. 
Between 70° and about 140°C, the water content remains constant at the LiBO2,2H2O 
composition. The last two molecules are lost between 140° and 280°C. 


LITHIUM METABORATE DIHYDRATE, LiBO2,2H2O or LizO,B203,4H20 


The 1:1:4 compound is orthorhombic and has a calculated density of 1-:825.72* 
It did not appear in early solubility studies (Mellor, V, p. 65) but was crystallized 


Refs. p. 472 


346 Boron 


first by Reburn and Gale®®?, who determined its solubility (v. supra) and found it 
to be the stable phase above 36:9°C in contact with its solution. 

The X-ray diffraction pattern has been published ’2*; another published pattern?°’ 
appears to be incorrectly identified since it corresponds closely with that of the 
corresponding sodium compound. The structure of LiBO2,2H2O consists of isolated 
B(OH), tetrahedra, linked to LiO, tetrahedra by common edges and hydrogen 
bonds.33* 338 469 Unit-cell data are reported.®** The infra-red spectrum has been 
studied.?9 

Thermal analysis studies under pressure indicate that the 1:1:4 compound de- 
composes at 150°C in contact with its saturated solution to give the 1:1:1 com- 
pound.,1°7-® 

The 1:1:4 compound is stable in air.°** When heated, it begins to lose water 
below 200°C, and becomes amorphous at 200°. Partial crystallization takes place 
during heating to 250°C, and well-crystallized LiBOz is present at 450°C.’2* Thermo- 
gravimetric studies have been made.'2°° 


LITHIUM METABORATE HEMIHYDRATE, LiBOo,4H2O oR LigO,B203,H2O 


According to solubility and thermal analysis studies under pressure?°’-® the 
1:1:1 compound is in equilibrium with its solutions under pressure from 150° to 
250°C, where it decomposes to give the anhydrous salt. Its solubility at these tem- 
peratures (v. supra) decreases with increased temperature.?°® At 100°C its solubility 
is incongruent. Its 100°C isotherm is partly stable and partly metastable.12°?4 The 
X-ray diffraction pattern has been published.?°" 


Dilithium Tetraborate Hydrates 


DILITHIUM TETRABORATE TRIHYDRATE, LigB,07,3H2O or LigO,2B203,3H2O 


Most investigators of the lithium borates agree on the basis of analysis of the wet 
residue or the dried solid 2%° 493: 682, 967,12024° that the stable phase in equilibrium 
with dilithium tetraborate solution between the freezing and boiling points is the 
1:2:3 compound of density 1-88.28° A phase diagram of the LizgB4,07—-H2O system 
from —3° to 387°C has recently been drawn from solubility and heating-curve 
studies under pressure.'?°? These studies have shown that the 1:2:3 compound is 
the stable phase in contact with its solution from —3° to 150°C, where the 1:2:2 
compound becomes stable.12°? Previously the heat effect at 150°C had been thought 
to be the transition point from the 1:2:4 to the 1:2:3 compound.?°’-® When gradu- 
ally heated under pressure, the 1:2:3 compound tends to persist in the temperature 
region where it is metastable, i.e. above 150°C. In this case it changes to the 1:2:1 
compound at 194°C, in contact with its saturated solution (containing about 7:5°% 
of Li2-B.O7). 

Evidence ?°*:197-8-702 that this compound is the tetrahydrate rather than the 
trihydrate is of doubtful value, as the X-ray diffraction pattern?®”’ of the alleged 
tetrahydrate is identical with that of the trihydrate dried at 100°C.°*® 1154 Another 
pattern of a ‘trihydrate’, which was said to be always accompanied by the pattern 
of the anhydrous salt, was reported?°’ but has not been confirmed in other studies. °*® 
A pattern (card (1-112)) in the A.S.T.M. Powder Diffraction File?11*4, said to be 
that of a pentahydrate, apparently refers to the trihydrate.°*® The trihydrate can, 
under appropriate conditions, absorb a considerable quantity of water. Composi- 
tions containing up to 40° of water (>6 molecules) have been prepared °*°, and 
they give the same X-ray diffraction pattern as the trihydrate.°*® 

The solubility of the trihydrate has been reported in two different papers °°? 1°°, 
but in the second of these the solid phase was regarded as Li2B,07,4H.O; data are 
given in Table II. The freezing point of a solution saturated with the 1:2:3 com- 
pound is — 3°C,12° 

The trihydrate crystallizes with difficulty from a supersaturated solution prepared 
by adding boric acid to lithium hydroxide solution. When allowed to stand, solu- 
tions containing 20—-25°% of Li,.B,O,7 deposit a gelatinous Liz.B,O7 hydrate having 
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Table II.—Solubility of Dilithium Tetraborate in Water 


Temperature, °C 10 | 20 | 25 | 28 | 30 134-5} 40 |45-9|56-1| 60 | 61 100 
Solubility, wt-% of 
Li.B,O.-, ref. (682) 2:20 |2:55 |2°81 3-26 3:76 4-35 15-17 


Ditto, ref. (108) 2°75 12-90 |2-95 |3-05 |3-10 |3-21 13-41 |3-67 3°80 {3:96 |4-30 |4-40/5-50 


an indefinite water content.°®? When such solutions are boiled for one to four hours, 
crystalline trihydrate is formed.°®? Slow cooling is said to avoid the formation of 
other hydrates.°°” An aqueous solution of lithium carbonate and boric acid also 
forms fine white crystals of LigB4O7,3H2O over a period of several weeks.2®° A 
thermogravimetric curve of wet crystals from solubility determinations showed that 
at 50° 1293, 60° or 70°C?° the water content decreased to three molecules. This 
composition was maintained up to 180°.12°? Above 180°, more water was lost and 
formation of the anhydrous salt was complete at about 320°.'°” There was no indica- 
tion of a tetrahydrate stage in the thermogravimetric curves. Some trihydrate crystals 
persisted when a sample was dehydrated to the 1:2:2 composition at 260°C, as 
indicated by the diffraction pattern.°*® In another study all the water of the tri- 
hydrate was lost between 200° and 220°C.?°° In a sealed tube at 200° the wet 1:2:3 
compound readily changed to the 1:2:2 compound.?2°?4 

A DTA curve of Lig0,2B203,3H20 showed endothermic effects at 290°C (dehydra- 
tion) and at 890° (fusion).*9° 


DILITHIUM TETRABORATE DIHYDRATE, Li2B,07,2H2O or LigO,2B203,2H2O 


The 1:2:2 compound, easily prepared by heating the wet 1:2:3 compound in a 
sealed tube at 200°C, is metastable and incongruent at 100°C; its 100°C isotherm 
has been determined.'?°?4 According to solubility and heating-curve experiments 
under pressure, it is in equilibrium with its solution from 150° to 272°C. At 272°C 
it decomposes to give the 1:2:1 compound and a solution containing 7:52°% of 
Li.B,07.12°° This thermal effect was previously thought?°® to be due to a 1:2:3- 
anhydride transition. Thermogravimetric analysis of the 1:2:2 compound gives two 
plateaux, one at 50—220°C and one, presumably corresponding to the 1:2:1 com- 
pound, at 250—-350°C.1?° 


DILITHIUM TETRABORATE MONOHYDRATE, LigB4O7,H2O oR Li2gO,2B203,H20 


The 1:2:1 compound, formed from the 1:2:3 compound above 194°C or from 
the 1:2:2 compound above 272°C in heating curve experiments under pressure, is 
the stable phase in equilibrium with its solution from 272° to 387°C, where it de- 
composes to form the anhydrous salt in contact with its saturated solution contain- 
ing about 10% of LigB,O7. Its X-ray diffraction pattern can be obtained from a 
sample previously heated for a long period in a sealed tube.+?°? 


Tetralithium Decaborate Hydrates 


TETRALITHIUM DECABORATE HEPTAHYDRATE, LisB,9Oi7,7H2O or 2Li20,5B203,7H2O0 

The 2:5:7 compound is stable in contact with solutions at 100°C, but its solu- 
bility is incongruent. Its 100°C isotherm has been published.?7°?4 Its thermogravi- 
metric curve shows that water loss begins at 120°C and stops between 160° and 
220°C at the 2:5:5 composition. Further heating leads to the anhydrous salt. The 
X-ray diffraction pattern of the 2:5:7 compound could be obtained after drying 
at 100°C. The pattern of the 2:5:5 compound could not be obtained.'?°?4 


Lithium Pentaborate Hydrates 


LITHIUM PENTABORATE PENTAHYDRATE, LiBsO3,5H2O or LizO,5B203,10H2O0 


The 1:5:10 compound has an incongruent solubility below 37:5°C 1°, or 
40-5°C.®82 Solubility values are listed in Table III. Published values determined 
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Table IlI.—Solubility of Lithium Pentaborate in Water 


70 
21:98 34079 


50 60 
20°88 | 24-34 


Temperature, °C 65 100 
Solubility, wt-°% of 
LiB;Og, ref, (682) 


Ditto, ref. (108) 


27:05 41-20 


under pressure at 150—300°C 1°° do not agree with a diagram published later.1?°14 
The X-ray diffraction pattern of the 1:5:10 compound has been published.°” 724 
A study of heating curves and of solubility under pressure indicated that the 1:5:10 
compound changed to the 1:5:2 compound at 140°C in contact with a solution 
containing 52 wt-°% of LiB;O,.'7°14 The 1:5:2 compound was stable under pressure 
up to 265°, where it decomposed to give the 1:5:1 compound in contact with a 
solution containing 72:5 wt-%% of LiB;Ox,.17°!4 A plateau at 462°C under pressure 
was ascribed to the decomposition of the 1:5:1 compound to form the anhydrous 
salt in contact with a solution containing an estimated 84 wt-9% of LiB;O,. Thermo- 
gravimetric curves show a loss of about 7-5 molecules of water between 110° and 
200°C and a loss of nine molecules of water at 300°C. There were inflections at the 
1:5:2 and 1:5:1 compositions.12°14 A sample preheated in a sealed tube showed 
more definite plateaux at these compositions. Loss of water was complete at about 
4502G 40258 


LITHIUM PENTABORATE MONOHYDRATE AND HEMIHYDRATE, LiBs;0g,H2O AND 
0-5H.O, or LizO,5B203,2H20 AND H2O 

Thermogravimetric curves of the 1:5:10 compound suggest the existence of a 
1:5:2 compound. This has been isolated and its solubility determined between 140° 
and 264°C.12°14 The existence of a 1:5:1 compound was also indicated by the 
thermogravimetric curve of the 1:5:10 compound./7°!4 The X-ray diffraction 
pattern of a product dried to a 5% water content (1:1 molecules) has been pub- 
lished.1°” It was thought at first to be the pattern of the 1:5:1 compound?°’, but 
was indicated by later work to be that of the 1:5:2 compound.!2°14 


ANHYDROUS LITHIUM BORATES 


Phase Equilibria in the System Li,.O-B2O3 

Phase equilibrium studies by thermal analysis’°? and by the quenching and 
differential thermal analysis 1°°4 methods have indicated that crystalline compounds 
exist with the following LigO0:B2O3 molecular ratios: 3:1 (a- and B-forms), 3:2, 
2:1 (a- and B-forms)7?5, 1:1, 1:2, 2:5, 1:3 and probably 1:4.1°%4724 There are 
eutectics at 52 wt-°% B.O3, m.p. 650+ 15°C 724 (or 53 wt-% B2Os, m.p. 665° 1984), 
and at 72 wt-% B.Os, m.p. 832 + 2°C 774° (or 74 wt-% B2O3184). 

The heats of solution of devitrified compositions in the Li,O—B.O3 system reached 
a minimum at 25 mol-% Li,O.75° 783 


Crystalline Anhydrous Lithium Borates 


TRILITHIUM MONOBORATE OR LITHIUM ORTHOBORATE, Li3BO3 OR 3Li20,B203 


The 3:1 compound exists in high- and low-temperature modifications, with a 
transition point at 690°C *®* or 700°C.1°84 The low-temperature form, monoclinic, 
d (calc.) 2:161 gcm~°, referred to both as the a-form79*“ and as the B-form?°*4, 
crystallizes from its melt in small needles?°* 7984 or from a S5Liz0,B203 melt in 
larger crystals 0-1 mm in diameter.’9°4 Its X-ray diffraction pattern *®? and its infra- 
red absorption spectrum“**“ have been reported. It has an unusual structure con- 
sisting of isolated planar BOg groups, distorted LiO, tetrahedra, large holes and 
(Li-O)  rings.7°%“ It is relatively unreactive with atmospheric moisture.79*4 It forms 
a continuous series of solid solutions with lithium carbonate.*®* 
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The high-temperature form, referred to both as the B-form7®®4 and as the «- 
form?°84, was not observed in some phase-equilibrium studies in which the low- 
temperature form was regarded as melting incongruently at 695°C7° or at 715+ 
15°C.7*° In another study, however, an X-ray diffraction pattern appeared at tem- 
peratures above 690°C which was different from the patterns of possible decomposi- 
tion products.*®* This high-temperature form is probably monoclinic. Its unit cell 
data have been reported.’°84 The structure did not persist on cooling, even with 
quenching.*°®“ #8? A phase diagram based on differential thermal analysis shows 
either a decomposition of the high-temperature form at 730°C to give, as stable 
products, lithium oxide and a liquid containing 48 wt-°% of B.Os, or a metastable 
fusion at 760°C.1°84 Complete melting of the 3:1 compound occurs at 815°C.48 

Two other low-temperature forms have been observed. At temperatures between 
300° and 350°C an unidentified phase was obtained. Heating for 4h at 400°C gave 
the ordinary low-temperature form plus a new phase, the X-ray pattern of which 
could be indexed in the cubic system’°°“ with a= 6-146. This phase disappeared 
after heating for 24h at 400°C. The molten 3:1 compound, made by melting to- 
gether lithium carbonate and a lithium borate, can be made carbonate-free by 
passing a current of air, free from carbon dioxide, over it at 850°C for 10 h.*8? 


TETRALITHIUM DIBORATE, Li,Bz2O5 OR 2Li2O,B203 


This 2:1 compound exists in two polymorphic forms. The a-form is stable from 
600+ 6° to 618+6°C725, and the f-form from 618+6° to 650+15°C.725 Below 
600 + 6°C the a-form dissociates to form the 3:2 and 3:1 lithium borates. When 
heated to 650+ 15°C the 8-form may also dissociate to form the 3:2 and 3:1 com- 
pounds, although the data can also be interpreted by incongruent melting.’2° Both 
forms of the 2:1 compound can be quenched to room temperature. Their X-ray 
_ diffraction patterns have been tabulated.’?° In another study by differential thermal 
analysis, only one form (orthorhombic) was observed, decomposing at 645°C to 
give the 3:1 (low-temperature form) and B-3:2 compounds.?°°4 


HEXALITHIUM TETRABORATE, LigBsOg OR 3Li20,2B203 


Two forms of this 3:2 compound have been reported. The f-form crystallizes at 
about 600°C and can be obtained at room temperature by quenching in liquid 
nitrogen.?°84 The a-form crystallizes above 650°C.1°°4 It forms thick crystals 
2-3 mm in size!°®7°3 and melts incongruently at 700° + 6°C 7°84: 725 or at 685°C 1° 
to give the B-1:1 compound and a liquid containing 37:5 mol-% (57:3 wt-°%) of 
B.O3.1984 Its X-ray diffraction pattern has been tabulated.’?° 


LITHIUM METABORATE, LiBO2 OR LizO,B203 


Like metaboric acid, this 1:1 compound exists in forms having boron atoms in 
3-, 3- and 4-, and 4- coordination.1*9 The a-form, monoclinic, congruent m.p. 
849°C 1084, 724. 840°C 198. or 833-836°C S49, d (calc) 2:223°97; (obs.) 2:18°7? or 
2:14°35 g cm~3, crystallizes from the melt in flat needles. Photomicrographs of the 
crystals have been published.”** The X-ray diffraction pattern has been 
tabulated.1°’-724 The structure consists of endless chains of BOg3 triangles as in 
CaB.0.,31!5; Li-O bonds between chains give the crystals a fibrous character.?*° 99? 
It is thus different from the structures of the corresponding sodium and potassium 
compounds, which contain insular [B30O.]®?~ groups. The structure has been dis- 
cussed in terms of the ‘structon’ theory.12*” The infra-red spectrum °°? is entirely 
different from the spectra of the sodium and potassium metaborates. 

The thermal expansion of lithium metaborate is non-linear above about 200°C. 
An increase in temperature from 200° to 600°C increases the expansion coefficient. 
A decrease in temperature from 600° to 300°C causes a contraction, but a decrease 
from 300° to room temperature causes an expansion.’** 

A tetragonal ‘y’-form, changing to the 8-form at 580°C, and a ‘8’-form with a 
metastable fusion at 822°C have been reported from differential thermal analysis 
studies.1°84 
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Another ‘y’-form, LiBO2z,0:05 to 0:35H20O, crystallizes from the amorphous 
product of the dehydration of the 2-hydrate at 200°C. A structure comparable 
with that of crystalline boric oxide or y-metaboric acid is thought probable.*®? It is 
stable up to about 350°C, at which it is converted into another ‘8’-form, LiBOz, < 
0:02H.0, which is metastable.*®? This 8-form has the low («)-cristobalite structure *®, 
with all boron atoms tetrahedrally coordinated by oxygen, as is shown by the simi- 
larity of its infra-red spectrum to that of compounds containing tetrahedral boron.*?° 
By long heating at temperatures as low as 350°C, or by heating to 580°C, it is con- 
verted into the stable a-form.*®? X-ray diffraction patterns have been tabulated for 
two forms of lithium metaborate obtained by slow cooling of the melt and by 
dehydration of LiBOz,8H2O at S00°C.1°” These patterns differ from each other 
and from the pattern of the «-form. 

At 15 kilobars and 230°C the «-form changes to another ‘8’-form having both 
3- and 4-coordinated boron atoms, as shown by infra-red spectra.1*° The X-ray 
pattern of this B-form has been tabulated.1*9 This form changed back to the «-form 
when heated for 3 h at 400°C in air.1*9 At 18 kilobars and 370°C?!*°, or 35 kilobars 
and 850°C °2’, a tetragonal a-modification (d (calc.) 2°883 g cm~°) was formed. 

Single crystals of another ‘y’-form, stable at high pressure and temperature, have 
been grown at 15 kilobars and 950°C in a flux of lithium chloride.®?® Its X-ray 
diffraction pattern has been indexed and tabulated.®°?” Its infra-red absorption spec- 
trum indicates that all its boron atoms are in fourfold coordination.1*? Its struc- 
ture consists of a three-dimensional array of LiO, and BO, tetrahedra having only 
vertices in common. The tetrahedra are arranged like those in sphalerite.°?’-* The 
structure has been discussed in terms of the ‘structon’ theory.?2*” 

The thermoluminescent properties of lithium metaborate activated with manganese 
have been investigated, and this material has been used as a dosimeter for B-rays.11°7 
Lithium metaborate also has some desirable properties as a constituent of a scin- 
tillator for the detection of slow neutrons, but it is brittle when pressed and its 
transparency is poor.®”® 

Heat capacity, entropy, free-energy function, enthalpy, and heat and free energy 
of formation have been calculated and tabulated for crystalline LiBOz from 0 to 
2500 K, for crystalline LizB20, from 0 to 2000 K, for liquid LiBO, from 298 to 
4000 K, for liquid LizB,O, from 298 to 5000 K, and for gaseous LiBO2z from 0 to 
6000 K.*°8> Values of heat capacity, entropy, and (H— H,)/T for crystalline LiBO2 
have also been tabulated from 15 to 298 K.®°°4 A heat-capacity study at 55—300°C 
indicated a polymeric structure.®°° 

Cryoscopic studies on sodium, lithium and barium chlorides, lithium oxide, and 
boric oxide in molten lithium metaborate have indicated the cryoscopic constant 
to be 15 and the molar heat of fusion to be 8:3 kcal mole~?.9°° From the freezing- 
point diagram of the LiBO2—LiF system, the heat of fusion of the metaborate was 
evaluated as 7:4 kcal mole~+.°*9 

Lithium metaborate, heated with magnesium oxide, forms LigO,2MgO,B203 and 
LizgO,MgO,B.03, which have incongruent melting points.*8® Heating of the meta- 
borate (in excess) with zinc oxide*®°, manganese oxide*®° or cobaltous oxide *®°?, 
affords the compound LiZnBO;, LiMnBO3 or LiCoBO3; these compounds melt 
incongruently with formation of zinc, manganous or cobaltous oxide. Infra-red 
spectra of LiMgBO3, LiMnBO3, LiCoBO 3; and LiZnBOs3 indicate the presence of 
the BO3~ ion, the boron being trivalent.*8° X-Ray patterns have been reported.*®° 
The infra-red absorption spectrum of crystalline LizgO,B,03,2GeO2 has been 
studied.11®! Lithium metaborate is an effective flux in silicate analysis.2°?“ Applied 
to an alumina tube as a slurry in ethanol, and heated at 850°C, lithium metaborate 
made the tube vacuum-tight even at elevated temperatures.1°°°® 


DILITHIUM TETRABORATE, LigB,O7 OR LigO,2B203 


This 1:2 compound, congruent m.p. 917°C, crystallizes from the melt in long 
needles 19% 7°3 or rounded to hexagonal crystals.’** Its structure*°? *°° consists of 
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two interlocking three-dimensional networks made up of twisted double-ring groups. 
These borate groups have two boron atoms with trigonal and two with tetrahedral 
coordination and are similar to the borate ion found in borax (p. 362). A linear 
structure has been indicated by heat-capacity studies.°°°4 The structure has been dis- 
cussed in terms of the ‘structon’ theory.'**” The crystals are biaxial and negative, and 
have a high birefringence. The indices of refraction have been reported and photo- 
micrographs of the crystals have been published.724 

The 1:2 compound, when previously melted with manganous chloride and 
crystallized by cooling in argon, has good thermoluminescent properties.1°42 A 
product with reproducible thermoluminescent properties can also be made by 
fusing lithium carbonate with boric acid and manganous chloride at 950°C.1146 
Other studies have been made of the thermoluminescent properties of Li,.B,O, 
activated by manganese.??“: 724: 821, 1157-8 Tt was fluorescent under cathode excitation 
but not under ultra-violet light.’°* Its n.m.r. spectrum has been compared with 
computer-simulated spectra.°° The linear coefficient of expansion is 13-8 x 107° 
per. ©. 

The bulk density of granular Li2B,O7 is 50—60 Ib ft~° if it is prepared by slowly 
heating a mixture of LiOH,H2O and boric acid, in the presence of recycled product, 
to a temperature of 550-650°C. In contrast, the product made by calcining material 
deposited from aqueous solution is a fine powder which has a bulk density of only 
15-25 ib fir 

From experimental heats of solution in nitric acid and high-temperature calori- 
metric measurements, the enthalpy and entropy have been determined and tabulated 
for dilithium tetraborate crystals from 100° to 917°C and for the molten compound 
from 100° to 1100°C.7°° 78° In another study, the heat capacity of the crystals was 
measured at 70-300 K.°°°4 The heat capacity, entropy, free-energy function, en- 
thalpy and heat and free energy of formation have been calculated and extrapolated 
for crystalline LizB,O7 from 298 to 2000 K, and for molten Li,B,O, from 298 to 
3000 K.*°®> The heat of fusion at the melting point is 170 g cal g-1 and the heat 
of devitrification at 25°C is — 65:5 g cal g~1.78° 


TETRALITHIUM DECABORATE, Li,B,9O;7 OR 2Li2zO,5B203 


This 2:5 compound, m.p. (incongruent) 856°C, forms very small crystals. It 
dissociates at temperatures below 696°C to form LizO,2B.03 and Li,O,3B203.724 
Its X-ray diffraction pattern has been published.724 


LITHIUM TRIBORATE, LiB3O;5 OR LigO,3B.03 


The 1:3 compound, m.p. (incongruent) 834°C 72* or 840°C 7° dissociates at tem- 
peratures below 595°C to form the 1:2 and 1:4 compounds.’?* The X-ray diffrac- 
tion pattern’?* and the infra-red spectrum °° have been reported. From measure- 
ments of heat of solution’®® and high-temperature enthalpy 7®*, the heat capacity, 
entropy, free-energy function, enthalpy, heat of formation and free energy of forma- 
tion have been tabulated for crystalline Li.0,3B20;3 from 298 to 2000 K 1°°5 and for 
molten Li,0,3B203 from 298 to 5000 K.198 


DILITHIUM OCTABORATE, LigBgQ,;3 OR LigO,4B203 


This 1:4 compound apparently exists in two crystalline forms.1°7-8 The stable 
form, prepared by heating at 600°C for 12-14 h?°’, has been found by the heating- 
curve method to decompose at 790°C forming the 1:3 compound and a liquid con- 
taining 89 wt-’% of B2O3. Its X-ray diffraction pattern has been reported.!°? This 
form did not appear in another investigation.724 

The metastable form melts incongruently at 635+ 10°C, according to quenching 
experiments’**, but at 730°C according to a heating-curve investigation.!°” The 
difference may be due to the extremely low rate at which equilibrium is reached in 
this system at high boric oxide contents and temperatures near or below 600°C. 
The X-ray diffraction pattern of the metastable form has been published.72+ 

The thermoluminescence properties of Liz0,4B.O;3 activated with manganese 


Refs. p. 472 


Boron 


352 


veto ‘6t9JoV6 PUB 0S “OF “OE “07 “OT “oS ‘0 18 OFH-"O7A-OF8N W}Shs OY} UL SUNIAYIOSI ApTIQnjog—e] *OLy 


UOIZNJOS pazesnyes ul £o%q/07en 013e4 "|OW 


Ll 6:0 8:0 £0 9:0 a 


% 


UOIINJOS pezeunjes ul EOMg 


Refs. p. 472 


353 


ies 


Physical and Chemical Propert 


Alkali-Metal Borates 


€-t 


Let 


vera ‘6ta00S 38 OFH-°O7A-O72N Wa}sAs 94) UL WAYIOSI AyIQn;OS—"q] “OLY 
uoIZNjos pazeunqes ul &O%q /o2en 0134 "JOP, 
0-1 60 8-0 4-0 9-0 S-0 v0 £0 


(areapAy [1 
21€40qg (6:7) WhIPOS )OZHLL €O°86'O%ENZ LL-G»¢ 
( 8W4NIZI *OJE1OG S4YNS)OZHL‘EOZGL-G‘OZUNZ = Lib-G:Z 
(ayulseu ‘ajesog SoBny) OZHS'EOZGG‘OZENZ = GG: GZ 
(a16i0qs ‘ajespAyeluad ajesogejuad wnipos) O2HgG‘8OSgeN 40 OZHOL‘EOZGS‘OZEN - OL'G:L 
(xe10g) OCHOL'€O%EZ ‘'OCPN = OL: 
(a}UOdeIUi, ) OCHG ‘EOZGZ‘OZEN : 


pil, pue g:z:1 


(auday)OfHp ‘£0297 'OCEN 
(ajespAyeija} ajesogelaw UiNIPOS) OfHYp‘ZOGEN 10 O2ZH8‘EOZG‘OZEN — 
(aespAyip ajesOGelawW WNIPOS) OZHZ‘ZOGEN 10 OfHr '£O7g‘OZeN - 
(ayijosses ‘pioe 910g) EQgeEH 
| 


c:0 


L-O 


2 
% 


OC 


O¢ 


Ov 


fO¢q 


uOo!Njos pezeunyes ul 


Refs. p. 472 


v6r9 ‘6txoSL Y® OPH-"O*A-OFEN Wla}sAs OY} Ul SULIDYIOSI Ay[IQn[OgS—"eZ “OF 


uolnjos payeinjes ur “O%g /ozen ole) "jOY 
Q-| 6:0 sme) rage) 9:0 =p v-0 £0 


oy) 


Boron 


(ayuogjeouls) OFHG ‘*O%az ‘O2eN 

(a1wiay) O°Hb ‘*O%8Z ‘O7eN 

(aleupAuip ayesogeiaw wnipos) O°HZ ‘20geN 10 02H ‘£0%a ‘O%EN 
(aljosses ‘pise n40g) ©QgtH 


354 


N 


L 


‘0 


ho 


UO!INjOS payeunjyes ul EQ?%g 


Refs. p. 472 


355 


Alkali-Metal Borates: Physical and Chemical Properties 


vere ‘6190009 18 OFH-"O7A-O28N Wa}sAs ay} UF sLUIAYIOSI AqTIqnjog—"qz “DLJ 


uO!yNjos pezeunjes ul £o%q/O7eNn o1}e1 ‘JOL 
GI be O-l 6:0 8-0 £0 9:0 5:0 0-0 age. 


(aiespAy [| a1e10q (6:7) WNIPOS)OZHLL‘€O7%G6‘OZENZ 

(@}4NDZa ‘a1e1OG S4JUNS) OZHZ‘EO2ZGL-G‘OZENZ 

(aplulseu *ajeiog suabny) OZHG‘SEOZGG ‘OZENZ 

( a11B10qs ‘ ayeapAyequad ajesoqejuad winipos) OZHOL ‘€O2%gg‘OZeN 
(xe10g ) OCHOL ‘€O7%GZ ‘OZEN 


c:0 


% 


fO°¢q 


uOIINjOs pazeunyes ul 


Refs. p. 472 


356 Boron 


have been investigated.1!°’ Li,0,4B203 has a high absorption capacity for neutrons 
and gamma rays.°°° 

From heat of solution’°® and high-temperature enthalpy measurements 7°? the 
heat capacity, entropy, free-energy function, enthalpy, heat of formation and free 
energy of formation have been tabulated for Lig0,4B.O3 crystals from 298 to 2000 K 
and for molten Lizg0,4B203 from 298 to 5000 K.1°8 


LITHIUM PENTABORATE, LiBsOg OR LigO,5B2O3 


This 1:5 compound does not crystallize from the melt, but it has been thought 
to form when Li,0,5B203,10H2O is dehydrated at 400°C and reheated for 3 days 
at 300—-350°C.'°° X-Ray diffraction indicated the presence of the monohydrate in 
small amounts, but did not show any pattern attributable to LizO,5B2O3. If this 
phase was formed, it apparently did not crystallize well enough to give an X-ray 
powder pattern. The heating curve showed a pronounced plateau at 475°C, which 
was considered to be the incongruent melting point of Lizg0,5B.O3 to give Li.O,- 
4B.03 and a liquid containing 99 wt-°% of B,O3.1° If the heat treatment of the de- 
hydrated decahydrate was above 400°C, the plateau in the heating curve did not 
occur and Li,0O,4B.O03 was formed. An infra-red absorption spectrum of a material 
regarded as crystalline LigO,5B.203 has been published.®?9 


LITHIUM ENNEABORATE, LiBgQO,4 OR LigO,9B203 


_ The heat content and entropy of a 1:9 composition, before and after devitrifying 
at 550°C for 48 h, has been determined between 100° and 1100°C.7°? 


HYDRATED SODIUM BORATES 


Phase Equilibria in the System Na,.O-B.0;—H2O 


A study of the solubility isotherms of the stable and metastable sodium borates 
at temperatures from 0° to 94°C, in the range of Naz2O:B203 molecular ratio 
0 to 1:2 (Figs. 1 and 2)®9 894 extended the earlier investigations ®* 7°? 
(Mellor, V, p. 67) and corrected some inaccuracies. Another study (Fig. 3)*214> 4714 
included isotherms for the whole system, from —30° to 100°C, gave polythermic 
diagrams showing the stability regions of twelve sodium borate hydrates which are 
stable in contact with solutions up to 100°C, and listed the invariant points. These 
diagrams do not show the area above 87°C, between the 2:5:7 and 1:2:4 com- 
pounds, in which the stable phase is Auger’s sodium borate, 2Na.2O,- 
5B203,5H20.*%9 194 A polythermic diagram showing the stability regions of the 
sodium metaborates and the 2:1:1 and 2:1:5 compounds has also been published.*?? 
A patent °° gives information on the solubility of the 1:1:4 compound in the pres- 
ence of sodium hydroxide. Further studies have been made of the 25° 8°84 and 
100° 1°° isotherms. The compositions of solutions in the ternary system saturated 
with both Auger’s borate and disodium tetraborate monohydrate (Naz2B.0O7,H2O) 
have been reported?°? as follows: 


Temperature, °C 
Moles NazO per mole B2O3 
Yo H2O 


The Auger’s borate solubility isotherm at 150°C has been partly determined in two 
studies, with different results.°’° 1°°® An investigation of the ice fields in this system 
showed that the ternary eutectic, containing Naz,O 2:37, B2O3 1:92 mole-% freezes 
at — 6-8°.4°° Earlier solubility data have been summarized.1°%2: 11164; 11204 
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Tetrasodium Diborate Hydrates 


TETRASODIUM DIBORATE PENTAHYDRATE, Na.zB205,5H2O or 2Na2O,B203,5H2O 

The 2:1:5 compound crystallizes easily from solutions containing about 34 to 
44°% of Na.O at temperatures from about 25—64°C. Its solubility is incongruent.*?? 
Its X-ray diffraction pattern has been published.*??’+714 In a thermogravimetric 
study, the water content remained at 5 molecules between 75° and 90°C, then de- 
creased to 1 molecule at about 125°C and remained at 1 molecule until about 250°C. 
At 270°C the material became practically anhydrous.*2?: +714 


TETRASODIUM DIBORATE MONOHYDRATE, Na.zB20;,H2O OR 2Naz20,B203,H2O 

The 2:1:1 compound exists in equilibrium with solutions in the NagO-B,0;—H20 
system at temperatures as low as about 52°C and it has a large range of stability’°° 
at 100°.421 Its X-ray diffraction pattern has been published.*?! 


Sodium Metaborate Hydrates 
SOLUBILITY VALUES 
Solubilities (wt-’% NaBO.) in the NaBO2z-H2O system have been deter- 
mined °°° §19- 6194 and are recorded in Table IV and Fig. 4. A diagram has been 


Table IV.—The System Sodium Metaborate-Water 


Temperature, wt-% Solid phase(s) Tempera- Solid phase(s) 
'G. NaBO2g ture; °C 
—0-511 1:011 | 30 
— 0-850 1:731 35 
— 1-286 2:695 40 NaBO2,4H2.O 
—2-148 4-853 45 
— 2-532 5:732 50 
— 3-174 7-317 53-6 NaBO.,4H.O and 
Ice NaBO2,2H,O 
— 4-084 9-511 55 
— 4-632 10-74 60 38-3 
— 4-822 11:15 65 39-5 
— 5-233 12:02 70 40:9 
— 5-524 12°61 75 42:2 
~5.724 13-01 80 1Cyl hehepsbee ope”, 
< ; Ice and NaBOg,- 85 45-4 
zarh fae 4H,O 90 47-4 
0 145 | 95 49-6 
5 LS<7 ten 100 52-4 
>| NaBO.,4H2,0 NaBOz,0:5SH2O0 
15 18-5 110 55:8 
20 20-0 | 115 55:5 \ Ba 
25 21:6. «J 120-2 55:3 NaBOz,0-5H20O (b.p.) 


published showing solubilities from 80° to 350°C, determined under pressure.°**4 
In using values given in Table IV it should be noted that at temperatures below 
11:5°C NaBOz,4H.O is metastable with respect to NaBOz,6H.2O, which ordinarily 
does not appear; if the solution is in equilibrium with NaBOz,6H.O the solubilities 
are lower.*714 Values taken from published solubility curves*”14 (wt-°% NaBOz) 


are: 


Temperature, °C Solubility Solid phase 


—3 8-25 Ice and NaBO2,6H2O (cryohydric point) 
0 10-0 NaBO2,6H20 
5 13-1 NaBO2z,6H20 
10 16:8 NaBO2,6H20 
11:5 ~17:4 Transition, NaBO2,6H,O0 ~ NaBO2,4H20 
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NaBO,, 1/2 HO 


o o| This work 


o « Previous work 


Na BO, 4 H,O 


% (Na2O + B,O3) in saturated solution 


Na,B,O7, 10H,O 


-—10 0. 10 ZO SiN SU 9 80 50 60 70 BO Hie VOI s TOO! TTtOS 420 
Temperature °C 


Fic. 4.—Solubility-temperature curves for boric acid, borax, sodium pentaborate and 
sodium metaborate °° 


Some previous solubility values %?1°°8? for sodium metaborate are believed to be 
somewhat high, probably because of the presence of silica or carbonate which appre- 
ciably increase the apparent solubility. 


SODIUM METABORATE HEXAHYDRATE, NaBO2,6H2O0 or Na2O,B203,12H2O 

The 1:1:12 compound was discovered in 1969.4*714 No X-ray diffraction pattern 
has been published. It crystallized in large transparent crystals when a solution of 
Na2B.0.,8H2O was seeded at 0°C.*71“ Three or four days were required for equili- 
brium to be reached. Seed crystals were prepared by keeping a mixture of Na2B20u,,- 
8H.O and water at —25°C for a month. Solubility isotherms*’!“ show that the 
1:1:12 compound is stable in contact with its solution from — 3° to 11:5°C. Solu- 
bility data are given in the previous paragraph. 


SODIUM METABORATE TETRAHYDRATE, NaBOzs,4H2O0 or NazO,B203,8H20 


The 1:1:8 compound, triclinic, d 1-743 g ml~1 °®°, hardness 2-3 on the Mohs 
scale, is the stable phase in contact with its saturated solution between 11-5° and 
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53-6°C and is the usual phase observed down to its cryohydric point at — 5-77°C.°®° 
Its X-ray diffraction pattern has been published.?°” The crystal structure, indicated 
by the formula NaB(OH).,2H2O has been determined by direct methods and con- 
sists of discrete tetrahedral B(OH); groups and sodium ions coordinated octa- 
hedrally with H2O molecules and OH groups.®° The infra-red°°! and Raman ®!74 
spectra have been studied. 

Solubility data are given in Table IV. In a study of the rate of dissolution of 
NaBOz2,4H2O by the revolving-disc method, sodium oxide was leached out of the 
surface.°"° 

The relative humidity over a saturated solution of sodium metaborate at tempera- 
tures from 14° to 24°C is 90+19%.°°° The equilibrium relative humidity (which is 
readily reached) over a mixture of NaBO.,4H2O and NaBOz2,2H2O is 39% at 
19-3°C, 42% at 22°C, 43% at 24-8°C, and 45% at 27-:0°C.°®° From the corresponding 
vapour pressures, the heat of hydration per mole of water has been calculated to 
be 12:55 kcal. When the 1:1:8 compound is dehydrated at room temperature over 
sulphuric acid or phosphorus pentoxide, the NaBO.2,H.O composition is approached 
without a slowing at the NaBO.,2H.O composition.®°°? Rapid dehydration by heat- 
ing causes puffing, but this does not occur if a small amount of sodium hydroxide 
is added. The DTA curve shows endothermic effects with minima at 60° to 75°, 
170°, 290° and 965°C which are attributed to the fusion of NaBO.,4H.O, NaBOg,- 
2H.O, NaBO2,0:-5H2O and the anhydrous salt, respectively.°°* Solidification and 
swelling occurred at 165° in these experiments. The thermogravimetric curve shows 
a loss of 0:5 molecule of water at 130°C, two molecules at 140°, three molecules at 
280°, and the last molecule at temperatures up to 800°C.®° 

The electrical resistance-temperature curve shows a sharp loss in conductivity 
between 38° and 140°C.8°4 


SODIUM METABORATE DIHYDRATE, NaBOzs,2H2O oR Na2O,B203,4H2O 


The 1:1:4 compound is triclinic, with specific gravity 1-909°°° and Mohs hard- 
ness 2—3. The crystallography has been studied +?” °°°, and the X-ray diffraction 
pattern has been published.**” Infra-red studies have confirmed that the tetrahedral 
B(OH); ion is present.?+® 392 The specific magnetic susceptibility of the 1:1:4 
compound and of the anhydrous salt have been found to be 0-511 and 0-477 x 10~§ 
c.g.s. units, respectively.°°? 

The solubility data in Table IV and Fig. 4 indicate that the 1:1:4 compound is 
the stable phase in contact with a saturated solution from 53-6° to 105°C. In other 
heating-curve and solubility experiments, under pressure, it changed at 112°C to 
the 1:1:1 compound, which further changed to the anhydrous salt at 306°C in 
contact with its solution.°*4*“ Earlier work, starting with partially dehydrated 
NaBO2,4H2O, had given an endothermic effect at 155°C. This effect had been 
attributed originally to decomposition of a 1:1:2 compound, NaBOz,H20 2° ®9°, 
but it is now attributed to experimental error.®**4 This 1:1:2 compound had been 
regarded as a stable phase at 100°C in solutions with NazO:B203 molar ratios of 
1-8 to 3-:2.1°° However, it was not found in later work 4214 4714: 619, 6194, 8444 or in 
earlier work.°®° 73°. 732 An X-ray diffraction pattern attributed to it?°’ appears to be 
largely that of LizgB204,4H20. The published evidence for the existence of a 1:1:2 
compound, therefore, seems unconvincing. 

The 1:1:4 compound crystallizes in very small needles, difficult to separate from 
the mother liquor, when a concentrated solution is rapidly cooled; however, larger 
plate-like crystals can be grown by heating the solid in its mother liquor at tempera- 
tures betwéen 54° and 80°C for several days.1°5% 1°68 


Dehydration 

The 1:1:4 compound loses water very slowly at room temperature; when heated 
in an oven, it becomes sticky.°°° A study of its isobaric dehydration at 10 mm 
pressure indicated that ‘roasting’ at 75° to 80°C would increase its vapor pressure. 
At about 56° an amorphous product was obtained having the composition 1:1:1°8. 
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The end-product of the isobaric dehydration at 66°C, having the composition 
Na2O,B203,1:22H2O, contained crystals which were identified as a 1:1:1 com- 
pound.°®° From the isobaric dehydration an approximate heat of dehydration 
was calculated to be 13-9 kcal mole~? of water.°°° Another crystalline phase, re- 
garded as another form of the 1:1:1 compound, having a different X-ray diffrac- 
tion pattern, was produced by dehydrating the 1:1:4 compound to less than two 
molecules of water over phosphorus pentoxide, at room temperature and then 
dehydrating rapidly to the 1:1:1 composition by heating to 200°C in the open or 
to 120°C in vacuo. Further dehydration, at 350°C in the open or at 170°C in vacuo, 
produced the anhydrous salt, as indicated by its X-ray pattern.5®° When heated 
in vacuo, the 1:1:4 compound was stable up to 110°C; between 110° and 130°C 
half of the water was lost, and the last two molecules between 130° and 150°C.?°7 


SODIUM METABORATE HEMIHYDRATE, NaBOz2,0:5H2O or NazO,B203,H20 


The 1:1:1 compound apparently exists in two forms, one prepared by slow 
dehydration and heating to 100°C and the second prepared by rapid dehydration 
at 120° in vacuo or by heating a material having less than one mole of water per 
mole of NaBOz at 200°C in air.°®° Either form may be crystallized separately from 
highly alkaline solutions by seeding.®°®° When both forms are present in contact 
with highly alkaline solutions at 60°C, the first form is converted into the second.®® 
One form has been found to crystallize from its own solution at temperatures from 
105°C to the boiling point.®19 °94 Its X-ray pattern has been published.11144 
Solubility and thermal analysis studies under pressure indicate that a 1:1:1 com- 
pound is formed at 112°C in contact with its solution and is in equilibrium with its 
solution up to 306°C, where it is converted to the anhydrous salt.°444 The 1:1:1 
compound can be dehydrated to a water content of about 0-2 molecule at 350°C 
in several days or to 0:1 molecule in vacuo over phosphorus pentoxide at 170°C, 
forming the crystalline anhydrous salt. Practically complete dehydration occurs at 
500°C.°°° More recent research suggests that the 1:1:1 compound is in fact 3:3:2, 
with a crystal formula Na[B30;(OH).].2?°° 


Disodium Tetraborate Hydrates 
SOLUBILITY 


A diagram based on solubility and thermal analysis studies has indicated that the 
10, 5 (metastable), 4, 2, and 1 hydrates of borax can exist in equilibrium with their 
solutions?2°? under pressure at temperatures up to 387°C. There are temperature 
ranges above 95°C and above 130°C in which the 1:2:4 compound is metastable 
with respect to the 2:5:5 compound and unidentified spherulites, respectively. 
Solubility information is given in Table V and Fig. 4 for the 1:2:10 and 1:2:5 com- 
pounds; data for the 1:2:4 compound appear in Fig. 4 and later in this Section in 
Table VIII. 


BORAX, DISODIUM TETRABORATE DECAHYDRATE, Na2B,0O7,10H2O or 
Na20,2B203,10H2O 

The 1:2:10 compound, specific gravity 1-715111°, is monoclinic. Unit-cell dimen- 
sions ®718344 and indexed X-ray powder patterns have been established.1®® °344 
The borate ion in borax is a discrete eight-atom B—O ring (Fig. 5), composed of 
two BO3OH and two BO.OH groups and bridged by an oxygen atom.°®* A refine- 
ment of the structure verified that hydrogen bonds link the borate polyions into 
infinite chains and link these chains to the hydrated sodium-ion chains.?’* Two of 
the ten water molecules, therefore, exist as hydroxyl groups, and the structure is 
better represented by the formula Na2B,0;(OH)4,8H2O. Some earlier work on the 
borax structure is regarded as incorrect.®°2-* The mineralogical properties of borax 
have been summarized.111% N.m.r. studies confirm the presence of boron in both 
3- and 4-coordination 119% 212-362. agreeing with the X-ray structure and showing that 
the sodium ions occupy two unique sites.1®” Proton magnetic resonance spectra 
have been recorded from — 196° to 46°C5*5 and agree with the X-ray structure.??? 
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OH 
Fic. 5.—Structure of the borate ion in borax27*:5** and tincalconite!259 


Quadrupole coupling constants have been studied.1!5° Deuteron resonance studies 
show that there is molecular motion in deuterated borax at room temperature.7?! 
Studies have been made of the Raman spectra *® 6174, which indicate the presence 
of hydroxyl groups, and the infra-red spectra.5®® 638 880, 898,1079 A review exists 
on the relation between the infra-red absorption spectra of borates and their struc- 
ture.°°'4 Structures of the free radicals produced in borax by irradiation with an 
electron beam at — 196°C have been studied by ESR spectra.®°® 

Borax shows both electronic and protonic conductance. At 15°C, conduction in 
borax pellets is only electronic, but at 35°C the mechanism involves proton con- 
ductance°??, which does not occur below about 21°C. There is a marked anisotropy 
in electrical conduction, the b-axis being the most favourable for protonic conduc- 
tion°**; an n.m.r. study provided information on the mechanism of proton con- 
duction.1!7° The electrical conductivity of borax is 10-® to 10-9 ohm~1 cm~?! and 
the temperature coefficient is positive®®°, the conductivity reaching maxima at 
100°, 140°, 180°, and about 520°C.°!2 The conductivity decreases with the loss of 
the last molecule of water at 350°C.?1° 

The dielectric dispersion at low frequencies (0-001 to 1 Hz) and the effect of 
thickness and temperature on the permittivity of borax have been measured.2854: 1249 
The dielectric constant of borax—oil mixtures at various concentrations has been 
measured at room temperature (at 2x 10~° Hz) and the dielectric constant for 
borax was calculated to be 6:00. When the salt was dehydrated to a water content 
of two molecules the dielectric constant became 7:44.1°° Experimental values for the 
‘dielectric constant’ for loosely packed borax powder in air, at 15°C and 1100 Hz, 
are°-o? 


327 0-7026 0-7709 
6:42 7:07 


Bulk density, g ml~? 
Dielectric constant 


we 
MO 


Measurements at 0-1 to 10 Hz and 0:06 to 300 kHz indicated that the dielectric 
constant is proportional to crystal thickness.®®* Alternating current and direct 
current polarization effects in borax have been studied by dielectric measurements.®°° 

Values of the specific magnetic susceptibility of borax (decahydrate) and of borax 
dehydrated to 3, 2, 1, and 0 molecules water content are — 0.591, —0:515, —0-491, 
— 0:463, and —0-423 x 10-®° c.g.s. units, respectively.®°?-% 

The cracks produced in the faces of borax crystals by light percussion with a 
needle point have been studied.*®° 

The packing of borax powders has been investigated. Particles 160 to 800 microns 
in size have about the same loose-packed bulk density, but the bulk density de- 
creases as the particle size decreases below 160 microns. There is a correlation be- 
tween angle of repose, sliding angle, and porosity.*°! The flow rate of borax powder 
decreases if the particle size is reduced below 160 microns. Below 100 microns, the 
particles do not flow.38° 381-2 When the particle size is above 160 microns the angle 
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of repose gradually increases as the particle size falls; it increases much more rapidly 
when the particle size falls below 160 microns. 

The specific heat of borax has been determined as 0-385 at 25-50°C 78", in agree- 
ment with the previous value (Mellor, V, p. 72). 

The integral heat of solution of borax (decahydrate) has been determined as 
follows 73": 


Temp., | Wt-9% Na2B.O, Integral heat of solution Specific heat of solution 
°C in solution g cal g~' Naz2B,O, g cal deg~+ g~+ solution 
ae 1 117-90 0-987 
30 2°5 115-3 0-975 
50 3-8 113-01 0-965 
45 5:0 113-02 0-956 


At 17:5°C, one mole of borax decahydrate, dissolved in 2310, 3025, 3740, and 
4233 moles of water to give solutions containing 0-48, 0-37, 0-30, and 0:26 wt-°% 
of Na2B4O,7 gave heats of solution of 128-7, 129-7, 130-3, and 130:9 g cal g~! of 
Na2B,O7, respectively.°*° 


Solubility 


Several solubility studies of the borax 5- and 10-hydrates have been 
made 7° 93,561,619, 6194. data are presented in Fig. 4 and in Table V, which records 
values considered to be the best.°?° Borax decahydrate melts to a liquid phase under 


Table V.—Solubility of Borax in Water 
(Values are expressed throughout in wt-% of Na2B.40-) 


Tempera- 
ture; °C 


—0-42 
0 


Solid phase(s) 


Ice and Na.B,0,,10H,O 


Solid phase(s) 


Na2B,O0-7,10H,O 
Na2B,0-,10 and 5H,O 


5 
10 
i 
20 
25 Naz2B,0,,10H,O g Na2B,07,5H,O0 
30 
35 
40 
45 
55 
55 


NazB,07,5H2O (b.p.) 


pressure, not far below 125°C °°; the pentahydrate melts at 140°C.”° The freezing 
point of a 1% borax solution has been determined as 0-:25°C.°4” The decahydrate-— 
pentahydrate transition point, 60-6—60-8° 9°:°°!, in the Na2BsO;-H.2O system is 
lowered by addition of boric acid or sodium hydroxide.®!? In solutions saturated 
with sodium sulphate it is 49-3°C (ref. 1°8°, No. 21, p. 660); with sodium chloride, 
39-6°C; in solutions saturated with sodium and potassium chlorides and potassium 
sodium sulphate 35:5°C11*, and in liquor formed by evaporation of Searles Lake 
brine, 30° to 32°C.9°° At temperatures above the transition point, borax decahydrate 
will readily dissolve with crystallization of the pentahydrate. Below this point the 
reverse process will occur and can be observed easily under a microscope at room 
temperature.°°" 

The solubility of borax at 20°C has been reported as 89-36 g per 100 g of 86°5°% 
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glycerol and 111-15 g per 100 g of 98-5% glycerol.34° At 25°C its solubility in ethylene 
glycol is given as 41:6%% by weight; in diethylene glycol, 18-6°%; in methanol, 
19-9°%; in acetone, 0-694; and in ethyl acetate, 0-:14°%. In 465° ethanol by volume 
at 15-5°C, the solubility is 2-489%.1291 

The vapor pressure of borax solutions at 9-17°C is very close to that of pure 
water.°°* Borax is not hygroscopic at 78% relative humidity at 20°C.13 

The rate of solution of borax, studied by the revolving disk method at 25-40°C, 
increases linearly with the square root of the angular velocity, agreeing with theor- 
etical values for diffusive dissolution. At 0-10°C the rate of dissolution was less 
than theoretical, indicating mixed kinetic and diffusive dissolution.®”? The etch 
figures correspond to the theoretical liquid-flow lines.67° The rate of dissolution 
was also studied in a layer of crystals suspended by a stream of water at 10-30°C.°8° 
Etch figures, obtained by using distilled water as the etching agent, have confirmed 
that borax is monoclinic.?®9 

The rate of dissolution of borax in 20-79% aqueous dioxan solutions at 30—50° 
has also been studied.®°? 


Crystallization 


Borax crystallizes from aqueous solutions as monoclinic prisms. Its crystal habit 
has been studied under various conditions of supersaturation, pH, presence of 
nucleation retarders, sludge density, and slow and ‘flash’ crystallization.27° The 
nucleation rate is independent of supersaturation but proportional to the solids 
concentration and inversely proportional to the temperature. A particle size smaller 
than about 45 mesh is produced by crystallizing at an optimum temperature be- 
tween 27°-43°C in a slurry containing 250-500 g of borax crystals per litre; a larger 
particle size is produced at higher temperatures, e.g., 49-55°C, with 50 to 250 g of 
borax crystals per litre.°’? Fatty acids have an undesirable effect on the crystal habit 
of borax and may be precipitated by treatment with a quaternary ammonium com- 
pound and removed by filtration.°°°“ A process for producing single-crystal borax 
from solution by using a low supersaturation in the presence of seed has 
been patented.**°? The growth of borax crystals is affected by dyes, and the effects 
of a number of dyestuffs have been tabulated.!?9 From aqueous or alcoholic solu- 
tions borax is deposited in rings round the containing vessel2*°; this is thought to 
be due to better wetting of the crystals than wetting of the glass by the evaporating 
liquid.*°° The mechanism of inclusion by growing borax crystals of oil drops from 
emulsions has been studied. The form and nature of the inclusions depends on wetting 
of the crystal face by the oil.*15 


Dehydration 


Borax dehydration follows two different courses, stable or unstable, depending 
on whether or not it has been heated to 50°C.5** An unheated, freshly crystallized 
decahydrate follows the unstable dehydration. It has a vapour pressure of only 
1-6 mm at 20°C and 1:9mm at 25°C and becomes amorphous when dehydrated 
over sulphuric acid at room temperature, the last of the decahydrate crystals dis- 
appearing at a water content of about two molecules.5** After the borax has been 
heated to 50°C, however, it follows the stable dehydration. In this case its vapour 
pressure at 19-8°C is 10 mm, and it can be reversibly decomposed to the crystalline 
pentahydrate at this pressure and temperature.°** Long storage times can also ap- 
parently produce the stable dehydration. Display specimens of borax decahydrate 
crystals, after 10 years of open exposure, have changed to microcrystalline penta- 
hydrate with a water content of 4:7 molecules but have retained their original 
shapes.°*4 

Borax which had been crystallized by cooling its solution quickly from 40° to 
10°C was partially dehydrated over phosphorus pentoxide at room temperature 
and atmospheric pressure. During the dehydration unchanged crystals and an 
amorphous phase containing on the average 2:6 molecules of water, were present, 
as shown by quantitative X-ray diffraction.® At 45° and about 0-1 mm Hg the loss 
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in water was eight molecules, agreeing with the structure of borax. Isothermal 
studies of the rate of dehydration of single crystals at 0-002 Torr at temperatures 
from 19° to 46:5°C also resulted in a practically amorphous product containing 
2 molecules of water.°°*4 The mean value of the activation energy for the dehydra- 
tion process was 12 kcal mole~*. The effect of pressure has been investigated 
recently.11”* The mechanism of dehydration and rehydration with deuterium oxide 
vapour has been studied by means of proton magnetic resonance. *® 

The vapour pressure over a mixture of the pentahydrate and decahydrate has 
been measured at 15—25°C and 58—-S9°C.°°1:°°4 From these values the heat of dehy- 
dration of the decahydrate to form the pentahydrate and water vapour, per mole 
of water vapour, was calculated to be 12,942 g cal.°®' By plotting these vapour 
pressure values, a curve was obtained from which the following values were read: 


Table VI.—Water Vapour Pressures over Mixtures of NazBsO7,10H2O and 5H20 


Temperature, °F 
Temperature, °C 

Vapour pressure mmHg 
Relative humidity, % 


The vapour pressures over a mixture of borax decahydrate and kernite 
(Na2B,07,4H2O) at 19-8° and 58-2°C are 10:3 and 131-0 mm, respectively.°®! As 
these pressures are lower than the pressures of a mixture of borax pentahydrate and 
kernite, which are 11-9 and 151-8 mm, respectively at these temperatures°®, the 
pentahydrate is metastable and should disproportionate to form a mixture of kernite 
and borax in this temperature range. However, this reaction does not occur in the 
absence of a solution in equilibrium with both kernite and borax. From these values 
the heats of dehydration to water vapour have been calculated, per mole of water, 
to be°®!: 10 — 4 hydrate, 12,924 g cal; 5-— 4 hydrate, 12,834 g cal. 

Differential thermal analysis studies of borax by several investigators have shown 
endothermic peaks at (i) 60°, 105—110°, and 160—-170°C?'; (ii) 120°, 160°, and 
730°C 812; (iii) 50° (small peak) and 100—220°C (large peak) 1°°; (iv) 75°, 162°, and 
202:5°C 195-6; (v) 86°, 131°, and 176°C %25; and (vi) 70°, 110°, and 145°C.38° X-Ray 
diffraction studies of borax heated to temperatures from above 50° to 320°C showed 
the presence of pentahydrate. The sample was amorphous, as indicated by the 
presence of diffuse bands, from 320° up to about 675°C, the temperature at which 
it crystallized.195-° Some studies have shown an exothermic peak at 50° ?%°-® or 
75°C.11 This peak may be related to the change which occurs when borax is heated 
to about 50°C, after which it will follow the stable dehydration and form the penta- 
hydrate (v. supra). 

An early review °”° on the dehydration of salt hydrates includes reference to borax. 
A thermogravimetric curve has been determined and the products of dehydration 
with infra-red radiation have been compared with those obtained in a desiccator 
at 105—130°C.°7” 

The velocity of water molecules leaving borax during dehydration has been 
measured by means of a torsion balance and microbalance. The heat of hydration 
of borax was calculated from these measurements to be 38-5 kcal mole~! of 
Na2B.40,°**, which compares favourably with the literature values 36-1°°*, 34-1 
(Mellor, V, 72), and 32-4 kcal 79” for the reaction Na2B,O7,(c) + 10H2O(1) = Na2B.O;,- 
10H2O(c). Products have been prepared from borax over sulphuric acid at known 
vapour pressures, and in a current of dry air at various temperatures, containing 
4, 3, 2, and 1 molecule of water.2°° The molecular volume of water in these products 
was about 14 cm? mole~?.2%° The kinetics of dehydration of borax powder in a nitrogen 
stream at 50—-60°C, and of single crystals in vacuo, have been studied, and equations 
developed to represent the rates.°°° Samples of borax decahydrate, after heating to 
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constant weight in an oven at 80°, 100°, and 200°C, contained 3-4, 1-8, and 1-1 
molecules of water, respectively.°*® The sample heated at 100°C was largely amor- 
phous; the samples heated at 80° and 200°C contained some pentahydrate. A sample 
dehydrated at about 25°C over calcium chloride for five weeks to a water content 
of 4:5 molecules still contained some unchanged decahydrate.°*° In another thermal 
dehydration study, borax was stable up to 35—38°C, and lost half its water when 
heated to 108°C. Four more moles of water were lost up to 172°C, and a tempera- 
ture of 500-525°C was necessary to get constant weight.222 When borax was heated 
at 180°C to constant weight, nine molecules of water were lost.®7> When borax 
is heated rapidly, it melts before dehydration; in an electron microscope, spherical 
drops are formed.’”° Slow dehydration of borax results in the loss of eight molecules 
of water between 50° and 150°C %?°, or 50° and 110°C 1%°, and the last two molecules 
are lost below about 400°C. In other work, eight molecules of water were lost at 
60—140°C and the last two molecules were lost gradually between 145° and 290°C.38? 
A summary ®? of other work gave the remaining water as five molecules at 80°, 
three molecules at 100°, one molecule at 140°, and 0-6 molecule at 300°. 

When borax pentahydrate or decahydrate is dehydrated rapidly by heating, the 
particles puff to several times their original size.15!’ 118° ‘ Puffed’ borax can have a 
void volume as high as 90%% and thus can be loaded with large amounts of organic 
liquids and solids ®°*, such as surfactants and chlorinated hydrocarbons.!*2 Calcined 
borax containing five molecules of water or less, or other sodium borates not con- 
taining seeds of NazB,07,10H2O, when mixed with boric acid, will dissolve in water 
without heating to give a solution supersaturated with borax.97’ 

Borax has been dehydrated by heating with hot air in a fluidized bed. The water 
content is reduced to 10-20 wt-°% at 100—200°C. The temperature is then increased 
to 220—700°C to give 98-99-89, Na2B4O7.7°’7 When heated under reduced pressure, 
borax loses its water without appreciable change in its particle size or shape. Curves 
showing the water loss versus time at 40 mm pressure indicate that at 110°C six 
molecules were lost in 4h and at 360°C 9:8 molecules were lost in less than an 
hour.*°?84 A curve showing the dehydration of borax in vacuo indicates that eight 
molecules of water are lost between about 20° and 70°C. The last two molecules are 
lost gradually at temperatures up to 350°C.%°4-59°7 In other studies in vacuo, 
seven molecules of water were lost between 35° and 78°C 5°, and eight molecules 
were lost rapidly at 60°C.°°° Distillation with organic solvents removed somewhat 
more water from borax than heating in an oven at the same temperature. Curves 
showing the water lost as a function of the amount of solvent distilled, with benzene 
(80°), toluene (110°), xylene (138°), and petroleum (165-170°C) reach maxima at 
about 5-3, 6-9, 7:8 and 8-3 molecules respectively, compared with losses of 2:9, 
5:9, and 7:1 molecules in an oven at the first three temperatures.°!* This behaviour 
agrees with the existence of two molecules of water in borax as hydroxyl groups. 
Conversion of the decahydrate to the pentahydrate by distillation with xylene re- 
quired a heat input of 2130 g cal g~1 of water.®'* In another study, refluxing with 
15 parts of absolute or 95°% alcohol for 2 h removed 6:3 molecules of water from 
borax, and repeated heating increased the loss to 7:2 molecules.®’? Heating for 3 h 
on a water bath removed five molecules®’’, as did standing over sulphuric acid.°7? 
Cold 95% alcohol has no effect on borax.®’?: ®’* The heat of formation of the deca- 
hydrate was calculated in 1952 to be — 1497-2 kcal mole~ 1.1118 


Chemical Reactions 


Borax may be readily prepared with the theoretical water content by washing 
the crystallized material with several portions of alcohol and then with ether, and 
it has been recommended as an acidimetric standard.°*®477 When crystallized at 
temperatures below 55°C, washed twice with water and twice with acetone and air- 
dried overnight, the water content of a sample of borax was 9-985 molecules.®7® 
The water content may be maintained at exactly ten molecules by storing borax 
over a solution saturated with both sucrose and salt.5°* A review has appeared on 
the preparation, properties and application of borax as a primary standard.®9!4 A 
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comparative study of borax and sodium carbonate as acidimetric standards has 
been made®?® indicating that borax is more suitable. 

Damp borax, heated in a closed container at 98°C in the presence of kernite seed, 
is converted to kernite (Na2B,07,4H.O) in 24 to 48 h.1°S? 

Borax reacts with boric acid in a closed container at 120°C 99° 9994 to form a 
sodium polyborate product having advantages as a component in a glass batch. 
Borax—boric acid mixtures, heated to 140-200°C in a suitable temperature cycle, 
form non-hygroscopic polyborate products containing 5—12°% of water which, when 
used in glass batches, decrease the loss of borate during melting.1°°? DTA and 
thermogravimetric curves for a mixture of one molecule of borax and two molecules 
of boric acid have been published.°°° A break occurred in the curves at the composi- 
tion Na,O,3B203,2H.O. Dehydration in an autoclave at 120—170°C also resulted 
in a product of this composition, which had an X-ray diffraction pattern different 
from those of the starting materials and their dehydration products.°°? The infra-red 
absorption spectrum of this material showed the OH band at 3600 cm~! but not 
the H2O band at 1650 cm7}?. 

When borax crystals are washed with a boric acid solution, sodium pentaborate 
may form when the adhering liquor evaporates. The resulting coating of penta- 
borate on the surface of the borax crystals inhibits caking.°°9 

Calculations have been made for a cyclic process in which borax pentahydrate 
and carbon dioxide would react when dissolved under pressure to produce sodium 
bicarbonate and boric acid.1°* 

Borax is converted to sodium sulphate when contacted with a gas containing 
superheated steam and sulphur trioxide at a temperature above 185°C. Boric acid 
can be recovered from the effluent gas.*°*° Borax pentahydrate or decahydrate 
mixed with sulphuric acid gives a furnace feed which when melted gives two liquid 
layers. The upper layer may be separated and cooled to give a product containing 
about 96% of B2O3. The lower layer is sodium sulphate containing a small amount 
of excess sulphur trioxide. 1°33: 1046, 1049, 1052, 1054, 1054A, 1071, 1075-6 Borax penta- 
hydrate or anhydrous borax reacts with spent alkylation sulphuric acid at 100- 
120°C to give a dry, black, granular material from which boric acid can be obtained 
by a cyclic process.!1?° 

Borax or borax pentahydrate, dry-mixed with sodium hydroxide and fed to a 
heated drum dryer, forms flakes of sodium metaborate containing less than two 
molecules of water of crystallization per molecule of NaBOz.!°°? If a sodium 
hydroxide solution is sprayed, sufficiently slowly for the mass to remain dry, on an 
agitated bed of borax pentahydrate or decahydrate, sodium metaborate is formed 
with a water content of one to four molecules per molecule of NaBO..!°®> Borax, 
when mixed with sodium hydroxide solutions containing the calculated amount of 
sodium hydroxide and water, forms at first a sticky, viscous mass; as mixing con- 
tinues, a granular sodium metaborate is produced having two to four molecules of 
water per molecule of NaBO..?8® When the water content is 3-5 molecules, a plastic 
mass is formed at 75-105°C which can be flaked on a cooled drum.?°7? 

A mixture of borax and calcium carbide produced only a small amount of acetylene 
at 100°C, indicating that only a trace amount of its water content reacted. With 
phosphorus trichloride at 15°C, 6% of its water content reacted to give hydrogen 
chloride; with acetyl chloride at 15°C, 11:22°% of its water content reacted.7*% 
Borax does not react with powdered beryllium at temperatures up to 200°C, as do 
some other salt hydrates.1° When mixed with each of the explosives cyanuric tri- 
azide, trinitrotriazidobenzene, and thallous azide, it increased the impact sensi- 
tivity.11? Borax crystals will nucleate supersaturated solutions of sodium sulphate 
decahydrate and thus prevent undercooling of more than 2°C in a closed system.®?? 
Borax reacts with manganese ore, sugar, and sulphuric acid to produce MnO,B.Os,- 
2H20O; a process based on this reaction has been described.718“ A powdered mixture 
of calcium fluoride and borax containing 62°% of CaF, or less gave negative tests 
for fluoride after storage for one to three weeks, apparently on account of forma- 
tion of fluoborate.°°! Borax, mixed with powdered magnesium, aluminium or 
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lithium and ignited by means of a fuse, gives a brilliant yellow light.9°° With liquid 
ammonia, borax loses nine molecules of water and takes up some ammonia.°®* 
Ammonia gas removes most of the water.°°* The end products had the X-ray dif- 
fraction pattern of the pentahydrate.°*®* In an ESR study of the pyrolysis of cotton 
cellulose in the presence of various flame retardants, free radicals became apparent 
at a higher temperature with boric acid or borax present than with the other salts 
tested.°°4 TGA and DTA studies of the effect of borax on the pyrolysis of wood 
have indicated glow suppression and a decrease in the height of exothermic peaks.°7*4 
Borax increased the amount of char and decreased the tar. 

Anhydrous or hydrated alkali-metal borates react with methanol to give methoxy- 
borates. If the borate contains more boric oxide than the metaborate, trimethyl 
borate is also formed.*®* The X-ray patterns of MB(OCHs3)4, where M=Li, Na, 
K or Cs, and of LiB(OCHs3)4,2CH3;0H have been published.*8* Borax will also 
react with carbon dioxide and methanol to form trimethylborate.11°? Other alcohols 
and borates may also be used.1°2° Borax, partially dehydrated borax, or anhydrous 
sodium metaborate reacts with carbon monoxide at 600 lb in~? (gauge) and 100°C 
in methanol solution to give sodium formate and methyl borate.112” Disodium 
tetraborate pentahydrate can be converted almost completely into sodium meta- 
borate and trimethylborate by distillation of the trimethylborate—-methanol azeo- 
trope in the presence of sufficient excess methanol.1!2® Borax reacts with ethylene 
glycol (or other high-boiling alcohol) and ammonium sulphate or chloride, forming 
glycol borate, which can be trans-esterified to form methyl borate.11°° By dissolving 
borax in glycols, polyhydric alcohols or a mixture of glycols and alcohols, and re- 
moving the water formed by vacuum distillation, condensation products are pro- 
duced which inhibit corrosion in hydraulic fluids.11°° Borax has been separated 
from a mixture of Glauber’s salt, natron and sodium chloride by flotation.?°?24 


DISODIUM TETRABORATE PENTAHYDRATE, TINCALCONITE, Na2B.zO7,5H2O oR 
Naz2O,2B203,5H2O 


‘Borax pentahydrate’, specific gravity 1:880111%, is rhombohedral, although the 
crystals often resemble octahedra. Interfacial angles have been measured.°*® Its 
mineralogical properties have been summarized.'1?% In nature, it is usually found 
as a fine-grained deposit formed by dehydration of borax in the atmosphere.+??% 
Occasionally larger crystals are found, such as those from the lower part of Searles 
Lake.*1*> °° The X-ray pattern has been published +®* °°, and unit-cell data have 
been determined.°”1 The structure is believed to contain the same discrete poly- 
borate ion that occur in borax decahydrate+®'~?, since a change in humidity will 
change borax pentahydrate to decahydrate, and vice versa, readily at room tempera- 
ture (p. 364). Also, n.m.r. studies indicate that the same polyborate ion occurs in 
borax and in the pentahydrate1®® °6?, as later confirmed by X-ray!?°° (Fig. 5). A 
structure published in 1948 is thus regarded as incorrect.?7? 

The infra-red absorption spectrum has been determined.®°® 1°72 Quadrupole 
coupling constants have been studied for borax, borax pentahydrate, and borax 
dehydrated to water contents of 3, 2, and 1H20.11°° 

Proton magnetic resonance studies of tincalconite at — 153° to 80°C have led 
to the formula Na2[B,0O;(OH).],3H2O, in agreement with dehydration experi- 
ments. *®4 

The decahydrate—pentahydrate transition point in contact with a saturated solu- 
tion is 60-6—60:8°C.°' 5°! This is lowered in the presence of other salts (p. 363). 
When a saturated solution is heated near the boiling point for a day or more, kernite 
crystals are formed.°*! The phase diagram (Figs. 1 and 2) and the solubility curves 
(Fig. 4) show that the pentahydrate is metastable at all temperatures. This has been 
expressed in schematic free energy-composition diagrams.1®? The pentahydrate, 
in contact with its aqueous solution, is metastable with respect to kernite above 
a temperature estimated at 39+5°C.°°! The metastable solubility of the penta- 
hydrate has been determined at temperatures up to the boiling point (p. 363), 
and further to 136°C, the transition point to the dihydrate, and to the congruent 
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melting-point, 140°C.7° At 25°C, the solubility of the pentahydrate has been deter- 
mined as 11-7 wt-°4 Na2B,O7 in methanol, 21-5 wt-%% in ethylene glycol, 6-9 wt-% 
in diethylene glycol, and 15-1 wt-%% in propylene glycol.11174 

The heat of formation of Na2BsO7,5H2O has been calculated to be — 1143-5 
kcal mole~ 1.1118 

The specific heat of the pentahydrate has been determined as 0-315 g cal deg™? 
g~ 1,737 

Values for the integral heat of solution of the pentahydrate are listed in Table 
M38 


Table VII.—Integral Heat of Solution of Borax Pentahydrate in Water 


Wt-% Na2B.O; in Integral heat of solution 
solution (g cal g~? Naz2B.4O7) 


61°34 
53-94 
51-52 
50°92 
48-60 
47-26 
45-92 
45°31 
44-90 
44-73 
45-99 
46-60 


1:0 
ZS 
3°8 
5:0 
fae) 
0:0 
2:0 
4:0 
6:0 
0:0 
4:0 
9:0 


1 
1 
1 
1 
vA 
2 
vs 


A Merkel enthalpy—concentration diagram for the system Na2,B,0,—H2O0 from 
0° to 100°C has been published.’?” 


Dehydration 


The water content of the ‘pentahydrate’ is usually 4:7—-4:75 molecules. The 
reason that it is not exactly five is not known, but there is probably a deficiency in 
the bulk water content of the crystals rather than surface dehydration. A curve of 
composition as a function of temperature, at 10 mm pressure of water vapour, 
indicates that the water content decreases gradually from 5:0 molecules at 20°C 
to 4-6 molecules at 80°C.°°* At 88°C (again at 10 mm pressure) the water content 
changes reversibly from 4-5 to 2:3 molecules; still higher temperatures are necessary 
for further dehydration at this pressure. 

Thermogravimetric curves show that three molecules of water are lost on heating 
to 140°C.78° &* The last two molecules are lost more slowly; the anhydrous 
product is reached at about 410°C. The DTA curve shows a very strong endothermic 
effect beginning at 120°C and reaching its maximum at 170°C ?°%°, or beginning at 
about 100°C with a maximum at about 160°C.1! Another study showed heat effects 
at 158°, 343°, 609°, and 642°C.*91 

Over phosphorus pentoxide in a desiccator, the pentahydrate loses water more 
slowly than the decahydrate, reaching a water content of four molecules, compared 
with 2:5 for the unheated decahydrate, 3-1 for the heated decahydrate.°®* In an 
oven, the pentahydrate reached the following compositions (expressed as molecules 
of water remaining) °°: 


Hours at 100° 150° 175° 190°C 


ye 4-22 1:74 1-51 1-36 
6 3-70 1-64 1-48 j Ki Ye 
14 3°44 | ey | 1-49 1-28 
126 leit 
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Further heating decreased the water content (again, as molecules of water remain- 
ing) as follows: 42 h at 220°C, 0-74; 28 h at 250°C, 0-64; 24h at 286°C, 0°31; 38h 
at 294°C, 0:17; 19h at 336°C, 0-14; 25 h at 450°C, 0-01.°°* The pentahydrate loses 
three molecules of water at 88°C at 2 mm pressure, or at 140°C in the air to give 
an amorphous dihydrate.°* The same dihydrate is obtained by heating the penta- 
hydrate in boiling xylene (136—139°C) for 6-10 h.°°* According to another investiga- 
tion, three molecules are lost in vacuo at about 120°C ®%°° and the last two are gradu- 
ally lost between 120° and about 350°C.%°° °°" Like borax, the pentahydrate puffs 
when heated rapidly. A ‘puffed’ product can be produced containing 1:2 molecules 
of water and having a bulk density of 0-042 g cm~ 3,118 


Chemical Reactions 


The pentahydrate is sufficiently soluble in methanol for the Fischer titration to 
correspond to the expected 12 molecules of water.?®® It reacts with concentrated 
sulphuric acid to form a mixture which will give two immiscible liquids when fused; 
a process has been developed in which the two layers are separated while molten 
to produce boric oxide and sodium sulphate.?°°4 

When a mixture of boric acid and a hydrate of borax, having a molar ratio 
Na20: B.O3=0:2, is added continuously to a slurry of sodium pentabcrate, it dis- 
solves rapidly with crystallization of further sodium pentaborate. Use of a calcined 
borax avoids accumulation of water in the solution.'°° 

Granular mixtures of disodium tetraborate pentahydrate with boric acid cake 
severely during storage, but a non-caking mixture can be made by moistening and 
drying at 70-115°C with agitation.'°°°4 Mixed with boric oxide, the pentahydrate 
forms a water-soluble mixture having a bulk density of greater than 50 lb ft~ 3.1194 

Other reactions of the pentahydrate are mentioned under the decahydrate, pp. 
367-8. 
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Fic. 6.—The borate polyion in kernite *6* 273-275 


KERNITE, DISODIUM TETRABORATE TETRAHYDRATE, Na2B407,4H2O or 
Na.O,2B203,4H2O 


Kernite, monoclinic, specific gravity 1-908 °°!’ 111%, hardness 2:5, a striking mineral 
because of its cleavage and large crystal-size, was first described as orthorhombic.7* 
Descriptions of the crystals have been published.°°?: 7941145 Its unit-cell data®7?> 7° 
and X-ray powder pattern?®® °*® have been determined. The structure (Fig. 6) 
contains parallel infinite chains of the polyion [B40.¢(OH).2]?"~ , which is composed 
of six-membered rings, each having one boron in trigonal coordination and two 
in tetrahedral coordination.'®* 27%»?75 The charge distribution among the sodium, 
boron and oxygen atoms has been determined.?®2“ The rings are joined by sharing 
tetrahedral boron atoms so that the plane of each ring is approximately perpendic- 
ular to the plane of the preceding ring of each chain. The chains can be regarded as 
formed by polymerization of the [B,0;(OH).4]?~ ions in borax, but the polymeriza- 
tion involves breaking a B—O bond?®*:?"> and is not a simple elimination of water 
between hydroxyl groups, such as can be written for the formation of coleman- 
ite.4®! This structure agrees with the observed slow rate of crystallization?°®? and 
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dissolution. It also explains the excellent cleavage and fibrous nature of kernite, as 
the bonds holding the neighbouring chains together are much weaker than the 
bonds in the chains.?7° It also agrees with the fact that the solubility curves of di- 
sodium tetraborate pentahydrate and kernite are more nearly parallel than are the 
solubility curves of different hydrates of other salts. This would seem to be likely 
as they are both trihydrates.1®? Some structures previously proposed ®°® °°&4: 657, 1078 
are regarded as incorrect. 

An n.m.r. study of kernite has indicated that two of the boron atoms are in tri- 
gonal coordination and two in tetrahedral coordination.1?° Another study indicated 
four non-equivalent ?1B sites.2°° The nuclear quadrupole resonance of 1B in ker- 
nite has been studied.°°® The infra-red absorption spectrum ®?% 88° 8981079 is qdif- 
ferent from those of borax decahydrate and pentahydrate. 

The heat of formation of kernite at 24°C has been calculated to be — 1072-9 
kcal mole~+.1178 

The solubility of kernite is lower than that of the pentahydrate (Fig. 4). Values 
are given in Table VIII.°?9 °1°4 Kernite is the stable phase in contact with its solu- 


Table VIII.—Solubility of Kernite, NazB,O7,4H2O, in Water 


Temperature, °C Solubility, Temperature, °C Solubility, 
=: wt-% wt-% 
Na2B,O7 Na-2B4O, 
58 14-20 80 19-72 
60 14-67 85 21:28 
65 15-81 90 22:96 
70 17-02 95 24:75 
75 18-31 100 27:23 


tion from 58:2°C to about 95°C.°9 194 At 94° it is the stable phase in solutions with 
molar ratios (Na2O:B2O3) from about 0°5 to 0:7489: 6194, but it usually does not 
appear when borax pentahydrate is crystallized. Its rate of crystallization, very slow 
compared to that of the pentahydrate, increases with temperature./°°? It can be 
crystallized from borax solutions at temperatures up to about 130°C.°°? Solutions 
saturated with borax pentahydrate at 100°C, when seeded with kernite and cooled 
a few tenths of a degree per day, will grow kernite crystals several centimetres in 
length.°*! The rate of dissolution of kernite is also slow compared to that of borax 
pentahydrate or decahydrate. When 190 g of ‘finely crushed’ kernite was contacted 
with 500 ml of water at 85°C, 74:6°% dissolved in 7 min, 91:5°%% in 15 min, and 
96:6% in 40. min. Calcined kernite dissolves much more rapidly.°7! When a kernite 
melt was heated at 154°C overnight in a sealed tube and then kept for 12 days at 
130-135°C, spherulites were formed with a Na,.O:B.O3 ratio lower than that in 
borax.°* A heating curve of kernite in a sealed tube showed a well-defined break 
at 151-5°C, attributed to congruent fusion.°®! Thermal analysis and solubility deter- 
minations under pressure have indicated that kernite is in equilibrium with its 
solutions from 58° to 171°C.12°° The solubility, vapour pressure and crystal struc- 
ture of borax, borax pentahydrate and kernite have been discussed in relation to 
the formation of the kernite—borax deposit at Boron, California.1®? The effect of 
uniform pressure on the borax—kernite transition temperature has been calculated 
to be 0-015°C per bar.'®? In the Kramer deposit, the change of borax to kernite 
probably took place at about 48+5°C at a depth of 2500+ 500 ft.1°? The transition 
point of borax to kernite in contact with its saturated solution is 58:2°C°*!; in 
saturated sodium chloride solution it is about 41°C.?°? 


Hydration and Dehydration of Kernite 


At 86% relative humidity, powdered kernite absorbed 1:2 molecules of water 
in 9 days to form borax decahydrate. Hydration is slower at 75%, and at about 70% 
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relative humidity kernite required 40 months to take up 1-1 molecules of water, 
even though some borax was added.°°®' Kernite does not hydrate to form the penta- 
hydrate directly.°®° Kernite loses water slowly at room temperature over phosphorus 
pentoxide in vacuo, forming a crystalline dihydrate, ‘metakernite’, which will take 
up water at 60-70% relative humidity to form kernite again.°°’ 5°? Metakernite 
can also be formed by heating kernite at 100-120°C**, and has been reported to 
crystallize from an amorphous NazB,O;—H2O0 composition containing 83-91°% of 
Naz2B.O7 under pressure at 240°C.12°? The kernite-metakernite equilibrium gives 
a vapour pressure of 10 mm between about 85° and 94°C, but equilibrium is reached 
very slowly.>° 

The DTA curve for kernite has endothermic peaks at 185°C 11 946 588 or 188°C431, 
and at 560°C %*° and an exothermic peak at 600°C.%4° In another study, there were 
peaks with maxima at 200° and 460°C.1°° Heating kernite for 12-h periods at suc- 
cessively increasing temperatures, with 30° intervals, gave a thermogravimetric 
curve showing an inflection at about 100°C corresponding to a loss of two molecules 
of water; the last two molecules were lost gradually at temperatures up to 370°C.1° 
A dehydration curve for kernite heated in vacuo showed that dehydration began at 
about 60°C, with a rapid loss of about 32% of its water at temperatures below 80°C, 
and a loss of an additional 189% between 110° and 130°C; the last two molecules 
were lost gradually between 130° and 400°C.2°4-5: 307 

The Fischer titration of kernite gave an apparent 11 molecules of water, as would 
be expected.?% 


DISODIUM TETRABORATE DIHYDRATE, METAKERNITE, Na2B,07,2H2O oR 
Na20,2B203,2H2O 


The dihydrate is the disodium tetraborate phase stable in contact with its solution 
under pressure from 161° to 260°C, according to solubility and thermal analysis 
studies under pressure.!#°° Its preparation and hydration are described under 
kernite (v. supra). If metakernite is heated to 190°C, half its water is lost and it 
becomes amorphous; rehydration with water vapour then forms the pentahydrate 
rather than kernite.°* 


DISODIUM TETRABORATE MONOHYDRATE, Na2B,O7,H2O or NazO,2B203,H20 


The 1:2:1 compound appears as a solid phase in the Na,O-B.0;—H2O system 
under pressure from about 115° to above 195°C1°5®, and in the Na,B,O,-H.O 
system from 161° to 260°C.1?°% The principal lines in the X-ray diffraction pattern 
of the 1:2:1 compound have been reported.1°°® The monohydrate crystallizes from 
a suitable mixture of Na2B,07,5H2O and NaBO.,4H20 at 150°C 2741958 or from 
borax solution above 177°C9%75, and has been reported to crystallize from a solu- 
tion containing more than 90°% of Na2B.O, at 350°C, under pressure.!2°? A heat 
effect at 380°C in the thermal analysis of this crystallized material, under pressure, 
was interpreted as the decomposition of the 1:2:1 compound to give the anhydrous 
salt and a solution containing 10°% of Na2B.O7.12°° 

An amorphous material of the composition NazB,07,H2O prepared by dehydra- 
tion of borax, dissolves in methanol at 130°C in 2h under various pressures of 
carbon dioxide as follows: 3-5 molecules of boron per litre at 3 atm of carbon 
dioxide, 3-9 molecules at 5 atm, and 4:0 molecules at 10 atm.?152 
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Fic. 7.—Divalent pentaborate ion postulated for ezcurrite 1® 29° 
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EZCURRITE, SUHR’S SODIUM BORATE, Na4Bi9.2O17.5,7H20 OR 2Na20,5:1B203,7H2O 


The 2:5:1:7 compound, triclinic, d 2-053, is a stable phase in the Nag.O-B,0;- 
H2O system at temperatures from below 40° to above 94°C.°!9 A mineralogical 
study has been made**® and X-ray diffraction patterns have been re- 
ported.198, 346, 588,11144 The infra-red spectrum has been studied.®9* It has been 
postulated 1° 28° that this compound contains discrete pentaborate ions having a 
‘triangular’ boron atom replaced by a tetrahedral boron atom. This structure, 
Fig. 7, would be represented by the formula Naz [Bs0.(OH)s5]?~. A recent crystal 
structure determination +°®“ indicates that in ezcurrite the two-ring units shown in 
Fig. 7 are polymerized to form chains. These may be considered as formed by the 
elimination of a water molecule between one of the OH groups on the non-central 
tetrahedral boron atom and one of the OH groups on the other ring of the next unit. 
The structural formula then becomes Na2[B;0O7(OH)z3],2H2O. 

The composition of ezcurrite was first thought to be 3Na2,0;8B203,10H2O °°”, 
but at present it is usually regarded as 2Na20O,5B203,7H2O. However, analyses of 
various natural and synthetic samples have given Na,O:B2O3 molar ratios appreci- 
ably less than the theoretical value of 0-4.7% 346 588, 619.6194 Molar ratios as low as 
0-376 have been reported **° for the naturally occurring mineral. Experiments have 
indicated that the molar ratio of synthetic material is between 0:39 and 0-395; 
analysis of typical crystals gave 0-392 for the molar ratio, corresponding to 2Na.O,- 
5-1B203,7H20.°!9 ®194 The deficiency of Na2O is, therefore, believed to be real. 
No satisfactory explanation has been proposed. 

According to the solubility isotherms, a saturated solution of the 2:5-1:7 com- 
pound contains 11:59% of B2O3 at 60°, 13:6% at 75°, and 16-99% at 94°C.619, 6194 
This solubility curve crosses that of Auger’s borate (2Na20,5B203,5H2O) at about 
90°C, indicating that the transition point from Suhr’s borate to Auger’s is at that 
temperature. Another solubility study®®° gave different results, leading the authors 
to conclude that the Suhr’s—Auger’s transition point is at 135°C; this study included 
a 100°C isotherm for the Na,O—-B.03;-H2O system and a diagram showing the 
stability field of Suhr’s borate in the ternary system below 100°C.°° Parts of these 
curves evidently represent solutions supersaturated with respect to Auger’s borate, 
which has been shown to be stable at temperatures as low as 87°C.®19: 194 From a 
study of solubilities and heating curves under pressure, a composition—temperature 
diagram for the system 2Na2,0,5B,03;—H2O was constructed °°; this indicated that 
in contact with solution, the trihydrate was formed at 195°C, the monohydrate at 
240°C and the anhydrous salt at 335°C. 

A solution saturated with both borax and Suhr’s borate has a molar ratio 
(Naz2O: B2O3) equal to 0:295 at 40°, 0:364 at 50°, and 0-468 at 60°C ®19: 194, suggesting 
that Suhr’s borate is stable in its own solution above about 54°C. Another solubility 
study has indicated this temperature limit to be 57°C.°°° The stability field of Suhr’s 
borate extends down to 35°C.°°? The solubility is much lower and the stability region 
is much enlarged when sodium chloride is present.9°” Solutions supersaturated with 
Suhr’s borate are easily formed.°°?°!9 The elongated synthetic crystals, sometimes 
lath-shaped, are usually less than 0:1 mm in length.°19 &194 

A DTA curve showed an endothermic peak at 260—265°C °®°; a restudy 34° showed 
endothermic peaks at 280° (loss of water), 575° (loss of OH), and 780°C (melting), 
and an exothermic peak at 680°C (crystallization). Thermogravimetric analysis 
showed water loss beginning at 160°C.°°° The curve did not indicate any lower 
stages of hydration. Five of the seven molecules of water were lost on heating at 
270°C for 5h; the last two were lost more slowly on heating to 500°C. 


NASINITE, AUGER’S SODIUM BORATE, Na4Bi9017,5H2O or 2Na20,5B203,5H2O 


The 2:5:5 compound, specific gravity 2:135 at 21°C°%°, is stable in contact with 
its solution between 90° ®19 and about 195°C.°°® An analysis has indicated a water 
content of seven molecules!®’-®: 234, but this appears to have been due to an 
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impure sample, because the original analysis®° and later analyses °° 619 6194 agreed 
that the water content was five molecules. 

It has been postulated?°° that the borate ion in Auger’s sodium borate is 
[B;0,(OH);]?~, the same anion as that postulated for ezcurrite, (Fig. 7), but the 
dehydration and hydration behaviour suggest a structure like that of Auger’s 
potassium borate (p. 392). X-Ray patterns?®7: 1°8. 569.11144. the infra-red absorption 
spectrum °°8, and the optical properties of an apparently impure sample containing 
seven molecules of water ?°®7> 1®8: 234, have been reported. 

Saturated solutions of Auger’s sodium borate in water contain 15:6°% of B2O3 
at 75° and 16°2% at 94°C.°19 194 The solubility curve crosses that of Suhr’s borate 
at about 90°C, indicating that this temperature is the transition point of Suhr’s 
borate to Auger’s borate. Another study°®? gave different solubility values and a 
transition point of 135°C, which is believed to be incorrect. According to thermal 
analysis studies°®°, Auger’s sodium borate decomposes at 195°C, under pressure 
in contact with its saturated solution (38°:5°9% 2Na,0O,5B2O3) to form the trihydrate. 

Auger’s borate crystallizes slowly, and solutions supersaturated with it are easily 
prepared.®?9:°94 The slow crystallization would explain Auger’s observation °° 
that borax pentahydrate can crystallize from an Auger’s borate solution in the 
presence of Auger’s borate crystals. The somewhat elongated synthetic crystals are 
usually 0-2 mm or less in length and tend to form aggregates.®!? 

A thermogravimetric curve of Auger’s sodium borate®®? showed breaks at about 
165°C at the composition, 2Na,0,5B203,3H2O and at the monohydrate composi- 
tion at about 310—390°C. If the heating is stopped at about 300°C before the de- 
composition of 2Na,O,5B.03,H2O, the product can be rehydrated in air at 100% 
humidity to form the trihydrate and pentahydrate again. If the heating is continued 
to form the anhydrous salt at about 500°C, rehydration to form the trihydrate and 
pentahydrate does not occur.°° 

A differential thermal curve on a sample of Auger’s sodium borate (which was 
evidently impure as it contained seven molecules of water) showed endothermal 
peaks at 70° and 130°C, two broad endothermal peaks at 190° and 330°C, and a 
sharp endothermal peak at 400°C.1°7: 168 234 Heating this sample in an oven resulted in 
a loss of 3:2 of the seven molecules of water below 110°C.1°8 


BIRINGUCCITE, TETRASODIUM DECABORATE TRIHYDRATE, 2Na20,5B203,3H2O OR 
Na,4Bi9017,3H2O 


Formation of crystals believed to be the 2:5:4 compound has been reported from 
borax—boric acid mixtures having Na2O:B2O3 molar ratios 1:2 to 1:5, at 150—250°C 
in an autoclave; analysis gave 3-82 molecules of water.1®’’?°4 The X-ray diffraction 
pattern'®’ shows some similarity to that of the trihydrate®®®, and a more recent struc- 
ture determination has shown that the composition is actually 2Na2O,Bi90:¢6(OH)., 
2H2O. The density is 2:32 (observed), 2:297 (calculated). The structure is composed 
of the basic unit [B;>0,¢(OH)2]*~ polymerized into sheets. The platy habit and perfect 
(001) cleavage are consistent with the sheet structure.!2°* Optical properties have been 
determined.'®’ Differential thermal curve?®’ 16° 284 shows endothermic peaks at 70°, 
130°, 400°, and 470°C, an exothermic peak at about 570°C, and probable melting 
at about 650°C. When the compound was heated in an oven for 10h at increasing 
temperatures, no evidence was observed of the formation of lower hydrates. The 
water content after heating at temperatures up to 110°C was about 0-8 molecule.?*® 
The X-ray diffraction pattern of heated biringuccite indicates that it is partly changed 
to another phase at 410°C. At 490°C, both phases disappear with formation of 
another phase which persists at 540°C.1§" 

As mentioned above in the discussion of Auger’s borate, formation of the 2:5:3 
compound has been reported in the 2Na20,5B,03;—H2O system under pressure be- 
tween 195° and 240°C °®°, with the solubility varying from 38:5°% of 2Na2,0,5B203 
at 195° to 54:5% at 240°C.°°° It was also formed at 160°C in a thermogravimetric 
study of the pentahydrate; it can be dehydrated to the monohydrate, and in humid 
air, formed again from the monohydrate.®® 
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TETRASODIUM DECABORATE MONOHYDRATE, NazBi9Oi7,H2O oR 2Na20,5B203,H20 


Formation of the 2:5:1 compound has been reported in the 2Naz20,5B,0;—-H2O 
system under pressure between 240° and 335°C.°°® Its X-ray diffraction pattern 
has been published.°®® The solubility decreases from 54:5°% of anhydrous salt at 
240° to 37% at 335°C. At 335°C in contact with its solution, it decomposes to form 
the anhydrous salt.°°° It is also formed during thermogravimetric analysis at about 
310°C and can be rehydrated in humid air to form the trihydrate and pentahydrate.>°° 


Sodium Triborate Hydrates 


SODIUM TRIBORATE DIHYDRATE, NaB30;,2H2O oR Na2.O,3B203,4H2O 


Two 1:3:4 compounds have been reported. The X-ray diffraction pattern of a 
synthetic 1:3:4 compound #?14>4714 was different from that of ameghinite%*, a 
mineral of about the same composition found in Argentina. The synthetic material 
crystallized when a small amount of sodium metaborate (dried to the NaBO.,2H.O 
composition) was added to a slurry of the 2:9:11 compound at 100°C.*7!4 Its iso- 
therm, between those of the 2:5:7 and 2:9:11 compounds, is very short at 100°C 
Dut JOneCradteloU Care aa 

Ameghinite, specific gravity 2:03, also has the Na20O,3B203,4H2O composition, 
as indicated by its specific gravity and its unit-cell volume, although analysis of an 
impure specimen corresponded to 4Na20,11B203,15H20.°* Its indexed X-ray 
diffraction pattern has been reported.*? Its differential thermal curve has endothermic 
peaks at 245° and 780°C and an exothermic peak at 635°C.°° Its occurrence, morph- 
ology, and physical and optical properties have been described.?° 


Disodium Enneaborate Undecahydrate, Sodium (2:9) Borate 11-Hydrate, 
Na.B,302,,11H2,O or 2Na,0,9B.0;,11H.O 


If nuclei are present, the 2:9:11 compound, specific gravity 1-903 °19, crystallizes 
slowly from saturated sodium pentaborate solutions at temperatures near the boil- 
ing point. Its X-ray diffraction pattern has been published.'114*4 Solutions super- 
saturated with it are easily formed.®% °194 Its saturated solutions contain 21:6% 
of B2O3 at 50°; 23-4% at 60°; 26:7% at 75°; and 31:2°% at 94°C. In the solutions 
(molar ratio NazO,B,O3 = 0-222), the solubility curve for sodium pentaborate crosses 
that for the (2:9) borate at 57°C, indicating that sodium (2:9) borate is stable in 
contact with its own solution above that temperature.®1? °194 Its 50°, 60°, 75° and 
94°C®1", and its 64°, 80° and 100°C 4214: 4714 isotherms have been determined. 


Sodium Pentaborate Hydrates 
SOLUBILITY 


Sodium pentaborate pentahydrate is stable in contact with its own solutions 
between 2° and 59-5°C§?9:°194. borax being the stable phase below 2°C and sodium 
(2:9) borate 11-hydrate being the stable phase above 59:5°C. However, supersatura- 
tion with these stable phases occurs so easily that there is no experimental difficulty 
in obtaining a solubility curve, with the 1:5:10 compound as the solid phase, from 
the cryohydric point to the boiling point. Solubilities (Fig. 4) at atmospheric pressure ~ 
have been studied in several laboratories.°?: °19 6194: 699.709 The values considered 
most reliable®?° are listed in Table LIX. When seeded with the 1:5:4 compound, the 
solubility is 50-29% at 98°C and 55-6°% at 107°C, indicating that a metastable transi- 
tion point to the 1:5:4 compound exists between these temperatures.®!® 6194 The 
most recent solubility values at higher temperatures, under pressure, are listed in 
Table X. The earlier?°° and more recent work 12° differ in the solid phases reported 
to exist between 225° and 256°C. 

When a saturated sodium pentaborate solution is agitated for some time at tem- 
peratures near its boiling point, the compound 2Na20,9B203,11H2O will crystal- 
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Table 1X.—Solubility of NaBs03,5H2O in Water 


(Expressed as wt-°% of NaB;Og. The solid phase throughout 
is NaB;03,5H20, —1-7°C being the cryohydric point) 


Temperature, °C Solubility Temperature, °C Solubility 

—1:7 24-30 

0 26°88 

= 29-35 

10 34-98 
15 38-1 
20 41-1 
25 44-3 
30 47-6 
35 49:9 
40 51-0 
45 54-7 
50 56:3 


Table X.—Solubility of NaBs;0g,5H2O and Related Phases in Water at Increased 


Pressure}?°14 
Temperature, °C Solubility Solid phases 
(wt-9% NaB;Og) 

106 55 1:5:10 and 1:5:4 
117 63 1:5:10 and 1:5:2 
225 71 1:5:4 and 1:5:2 
256 716 1:5:4 and 1:5:1 
308 79 1%5:2ianda. 3521 
350 82 1:5:1 and 1:5:0 


lize very slowly if seed is present.®19°194 Several solubility?2°-1°° and heating- 
curve 12°14; 105,107-8 studies have been made at temperatures above 100°C under 
pressure. The most recent study, made with a new apparatus, indicates that, in the 
absence of 2:9:11 seed, the 1:5:10 compound is in equilibrium with its solution up 
to 106°C, the 1:5:4 compound from 106° to 225°C, the 1:5:2 compound from 
225° to 308°C, the 1:5:1 compound from 308° to 350°C and the anhydrous salt 
above 350°C.12°14 The 1:5:10 compound may persist in a metastable state above 
106°C without forming the stable 1:5:4 compound, but in this case it changes to 
the 1:5:2 compound at 117°C. Similarly the 1:5:4 compound may persist in the 
metastable state above 225°C, changing to the 1:5:1 compound at 256°C.12014 
Differential thermal analysis, under pressure, using samples obtained by the rapid 
partial dehydration of the 1:5:10 compound, gave plateaux at 117°, 308° and 
350°C, corresponding to the 1:5:2, 1:5:1 and 1:5:0 compounds.!2°!4 Samples ob- 
tained by heating the 1:5:10 compound in a sealed tube at 150°C, or by heating to 
100°C for one or two days, gave plateaux at 106°, 256° and 350°C, corresponding 
to the formation of the 1:5:4, 1:5:1 and 1:5:0 compounds.??°!4 A revised phase 
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Fic. 8.—Univalent pentaborate ion in potassium pentaborate tetrahydrate °%° 
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diagram of the NaB;O,—H2O system from 100° to 380°C, in the absence of seeds 
of the 2:9:11 compound, has been published.?2°!4 Heating the 1:5:10 compound 
in a sealed vessel at 160°C for one to three days gave the 1:5:4 compound.®1% &194 
Heating under these conditions for a longer time or at lower temperatures (134° 
and 148°C) gave a mixture of 1:5:4 and 2:9:11. At 126°C in three days, in a sealed 
tube, the 2:9:11 compound was formed but not the 1:5:4 compound.®?® 6194 


SODIUM PENTABORATE PENTAHYDRATE, SBORGITE, NaB;03,5H2O oR 
Naz20,5B203,10H2O 


The 1:5:10 compound, triclinic, d 1:7131®°, occurs at Larderello, Italy.1® Its 
X-ray diffraction pattern?°’:1®° has been published. Its structure has not been re- 
ported, but it probably contains the [B;0,(OH).]~ ion also found in potassium 
pentaborate pentahydrate%°° 93, consisting of two perpendicular six-membered 
B-O rings sharing a tetrahedral boron atom (Fig. 8). Its infra-red spectrum has been 
published.®°* The electrical conductivity, during heating, showed a small peak at 
130°C and a large increase between 520° and 760°C.®1? The specific magnetic sus- 
ceptibility values for the pentahydrate and phases obtained by dehydration to 2, 1, 
0-5 and 0 molecules of water content have been measured as —0-528, —0-473, 
—0-440, —0:-418, and —0-390 x 10~® c.g.s. units, respectively.°°? The heat capacity 
of the pentahydrate has been determined from 15 to 345 K and the heat content, 
entropy, and other thermal functions have been tabulated from 0 to 345 K.2° 

The rate of dissolution of sodium pentaborate pentahydrate, studied by the re- 
volving disk method, was lower than that predicted by theory for diffusive dissolu- 
tion, indicating a mixed kinetic and diffusive process.®’? The etch figures correspond 
to the theoretical liquid flow lines. 


Dehydration 


When the 1:5:10 compound is dehydrated at room temperature over concen- 
trated sulphuric acid, two molecules of water are lost in about a year.°°? When 
heated in vacuo, it is stable up to 75°C, where eight of the ten molecules of water 
are lost; the remaining two molecules are lost slowly as the temperature is increased 
to 350°C.°°7 When the granular 1:5:10 compound was heated for one or two days 
at 129-180°C in an oven, a product of the approximate composition 1:5:4 having 
a distinct X-ray pattern’'144 was produced.®?? When the 1:5:10 compound was 
heated for 24h at 240°C in an oven, a product of the approximate composition 
1:5:2 was formed ®?9, with an X-ray diffraction pattern111*4 different from that of 
the 1:5:4 compound. 

A thermogravimetric curve?®® of the 1:5:10 compound gave a slight inflection 
at 100° corresponding to the loss of two molecules of water, but other curves 12°14: 812 
gave no inflection. A sample which had been heated in a sealed tube at 100°C, 
however, gave plateaux corresponding to the 1:5:4,1:5:2,and1:5:1compounds.!?2°14 
A differential thermal curve showed endothermic effects beginning at 90° °'? or 
100°C 1°° with peaks at 150° 812 or 170°C.1°%° There were also smaller exothermic 
peaks at 580° and 660°C and an endothermic peak at 750°C.8?2 


Chemical Reactions 


Sodium pentaborate reacts with methanol to give trimethyl borate (methanol 
azeotrope) in good yield.11*9 The composition NaB;O0.,6H2O is readily soluble in 
methanol.?®* The Fischer titration of sodium pentaborate corresponds to 12:8 
molecules of water, compared with the expected twelve.1®® When a pentaborate is 
heated with an alkylene glycol until at least one molecule of water has been re- 
moved per atom of boron, a condensate is formed which is a corrosion inhibitor 
for hydraulic fluids.11®” 


SODIUM PENTABORATE DIHYDRATE, NaB;O2,2H2O oR Na2O,5B203,4H20 


The 1:5:4 compound, produced by dehydration of the 1:5:10 compound in an 
oven at 129-180°C®9 has an X-ray pattern!114*4 similar to that?°” of a hydrate 
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regarded by previous investigators as the 1:5:2 compound.?°?°8 No analysis was 
published for this latter product. Recent work indicates that the 1:5:4 compound 
is in equilibrium with its solution, under pressure, between 106° and 225°C, changing 
to the 1:5:2 compound at 225°C.12°14 It may, however, remain in the metastable 
state up to 256°C, changing to the 1:5:1 compound at that temperature.?2°14 


‘SODIUM PENTABORATE MONOHYDRATE, NaB;O03,H2O or NazO,5B203,2H2O 


The 1:5:2 compound, produced by dehydration of the 1:5:10 compound in an 
oven at 240°C, has an X-ray pattern different from that of the hydrate regarded by 
previous investigators as the 1:5:2 compound.!°1°7-® It is in equilibrium with 
its solution between 225° and 308°C, but may appear at 117°C when a rapidly but 
incompletely dehydrated pentahydrate is heated under pressure.??°14 


SODIUM PENTABORATE HEMIHYDRATE, NaB;03,0°-5H2O oR NazO,5B203,H20 


The 1:5:1 compound was reported, from solubility and heating curve studies 
under pressure, to be in equilibrium with its solutions between 308° and 350°C, 
decomposing at 350°C to form the anhydrous salt.12°14 
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Fic. 9.—Trivalent pentaborate ion in ulexite?7% 171178 


Hydrated Double Salts of Sodium Borates 


ULEXITE, Na2O,2CaO,5B203,16H2O 


Ulexite is triclinic, d 1-955. The structure?’°-!'1"3, previously predicted1®, is 
represented by the formula NaCaB;0,¢(OH).,5H.2O. It contains the discrete polyion 
[Bs;0g6(OH).6]?~, which is the two-ring pentaborate ion in which two opposite boron 
atoms are made tetrahedral by the addition of a hydroxyl group to each (Fig. 9); 
n.m.r. studies are in agreement with this structure.*’2 The infra-red spec- 
trum 879: 880, 898 and indexed X-ray diffraction patterns?®® 17% have been reported. 

When ulexite was heated gradually, dehydration began at about 60°C and was 
complete at 500°C.1!7° Heating for 12-h periods at temperatures increasing by 30° 
intervals gave a gravimetric curve with an inflection at 70-90°C corresponding to a 
loss of four molecules of water. X-Ray diffraction showed that a new phase, 
Naz20,2Ca0O,5B203,12H20 was present.*®® Loss of the next eight molecules was 
rapid between 100° and 120°C, and the last four were lost slowly between 120° 
and 400°C.+°° In another study twelve molecules were lost between 103° and 180°C, 
and the last four between 270° and 500°C.38? 

A published DTA curve has an exothermic peak at 190—200°C.1!'1°° Other in- 
vestigations showed endothermic effects at 110—-310°C (167-3 kcal mole~*) and 
370-520° (133-5 kcal mole~+)127°; at 135°, 163°, and 191°C%?5; and at 145° and 
180°C.°8° There was an exothermic effect at 520-600°C.117° Dehydration results 
at constant temperatures were interpreted as indicating a series of hydrates.°°1“ 

Some specimens of ulexite have the interesting optical property that if an object 
is held against one surface of a section cut perpendicular to the parallel fibres, an 
image of the object is projected to the opposite surface owing to reflections along 
the fibre interfaces.°°* ®°° 

A colloidal form of ulexite, made by suspending a mixture of four molecules of 
borax and two molecules of lime in water, is said to have advantages over borax 
as a ceramic raw material.°1?4 
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Chemical Reactions 


When an excess of ulexite is agitated with water at 25°C, the resulting sodium 
concentration corresponds to 0:-49°%% of NaCaB;Og9.°4" Calcining ulexite at 200-—500°C 
increases its solubility to 9-13 g 1~1.124° 

A study of the dissolving of ulexite in acids indicates that the rate of dissolution 
decreases at higher nitric acid concentrations.°°? In hydrochloric acid, increasing 
the acid concentration decreases the rate of dissolution at 25°C to a constant value.°*° 
This behaviour is attributed to formation of a boric acid film. In other studies of 
the decomposition rate in 0-40%% hydrochloric acid at 25°C, and in 0-100° sulph- 
uric acid at 25-100°C, maxima were also observed on the plot of rate of dissolution 
against acid concentration.9*1~% 

Ulexite reacts with concentrated ferric or aluminium sulphate solution to precipi- 
tate ferric or aluminium hydroxide and calcium sulphate. After filtration, sodium 
pentaborate crystallizes when the solution is cooled.*®'* Ulexite reacts with a slight 
excess of a mixture of sodium carbonate and sodium hydroxide to give a sodium 
metaborate solution.?°?® 

With the Fischer reagent, ulexite reacts very slowly, giving an apparent 15:9 
molecules of water rather than the theoretical 17.1°° 


PROBERTITE, Na2O,2CaO,5B203,10H2O 


Probertite, monoclinic, contains the polyions of ulexite, polymerized by elimina- 
tion of water to form [Bs;07(OH).]8"~ chains.+71> 17% 465, 715 

An indexed powder diffraction pattern?’*, unit-cell and space-group data®*, and 
the infra-red absorption spectrum ®?% 88° 898 have been published.?7% 

The DTA curve has endothermic peaks at 140°, 250°, and 260°C?! or, in other 
work, 170°, 250°, and 270°C.1°* A thermogravimetric curve (12 h heating at various 
temperatures)?®° has a horizontal portion at about 100°C corresponding to the 
loss of two of the ten molecules of water. There is a loss of four molecules during 
heating from 100° and 180°C and a slower loss of the last four molecules between 
180° and 400°C.1°° 

Heating probertite at 100°C gave an unchanged probertite X-ray diffraction 
pattern; heating at 190°C gave an analogous but weaker pattern; and heating at 
410°C gave only broad bands.?*® 


SODIUM STRONTIUM PENTABORATE OCTAHYDRATE, NaSrBs09,8H2O OR 
Na2O,2Sr0,5B.03,16H2O 


Sodium strontium pentaborate, d 2:06, may be crystallized from a solution of 
strontium chloride, borax and sodium hydroxide. Its solubility is 7-4 g1~? of solu- 
tion at 20°C. The octahydrate loses one molecule of water at 64°C, five more at 
64—-120°C, one more at 150-190°C, and the last molecule at 250-—320°C. Its differen- 
tial thermal curve has been published.®°° 


TEEPLEITE, NaBOzg, NaCl,2H.O 


Teepleite, tetragonal, d 2:0767°", is synthesized from aqueous solutions of sodium 
metaborate and sodium chloride. Its unit-cell data and its indexed X-ray diffrac- 
tion pattern have been determined.’!° The structure contains tetrahedral B(OH); 
groups2°"’, as shown by infra-red and nuclear quadrupole resonance studies7?°; 
it contains no H2,O molecules.2°? When calcined, teepleite decomposes to form a 
mixture of sodium chloride and sodium metaborate.25” Its infra-red 4? ®°° and 
Raman spectra*?* have been reported. 


RIVADAVITE, 3Na2O0,Mg0O,12B203,22H2O 


Rivadavite, monoclinic, d 1-905, found in a borax deposit in Argentina, has been 
described crystallographically and studied by X-rays and DTA.°*° 
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ANHYDROUS SODIUM BORATES 
Phase Equilibria in the System Na,O-B,O3 


A study of the NazO—B.O3 system®°*! using the preferred quenching method as 
far as possible gave liquidus curves for the compounds with Na2O:B203 molar 
ratios 1:1, 1:2, 1:3, and 1:4 in the region from Na2,O:B2O3 to B2O3, and showed 
the existence of the 2:1 compound. Another study °°, by means of heating curves, 
gave melting points and X-ray diffraction data on the stable and low-melting forms 
of the 1:4, 1:3 and 1:2 compounds. There was also a previous study of crystal- 
lization in this system, using a temperature-gradient furnace.®°? A more recent 
heating-curve study of samples devitrified by heat treatment at various tempera- 
tures showed the existence of the 3:1, 5:2, 3:2, 2:3, 2:5, 1:5, and 1:9 compounds.*®”° 
Compounds having the compositions 2:3 and 4:58 871,874 and 4:7572)875 have 
been reported but the 4:5 and 4:7 compounds have not been observed in later 
work.°’° The eutectics in this system have been determined and are listed in Table XI. 


950 


900 


850 


4 
0 750 
2 NaoO, 2 Bo O; - 
g L a d 
qui es 
- 7CO fo} 
i fea) 
ine) sig 
O O 
Na,O, B03 ee <i 
650 * ~e Zz 
N CAs tha 
a O 
re 
600 ‘of : 
s /3 
3 Z 
| e 
550 Z 
50 60 70 80 90 
Wty, ~B50% 
Fic. 10.—Phase equilibrium relations for LA usual compounds in the binary system Na,O- 
23 


Refs. p. 472 


Alkali-Metal Borates: Physical and Chemical Properties 
Table XI.—Eutectics in the NazO-B203 System 


381 


Na2O: B2Oz3 ratios in Melting Wwt-% of Na2O 
compounds present temperature, °C 

y-Na20-3:1 AS51574 79:857° 
3:1-2:1 et EY Be A: 67-4579, 66-5 958 
2:1-1:1 Colne bLO ocr. (Oe Hae a oP Abe 
1:1-1:2 Ag o> ale ate 
1:2-1:3 LED ated ad 15 aha ZET Or R269 Be 

Mole-% of B20; 

B-1:2-1:3 (metastable) 640° °70 68 

B-1:1-1:3 (metastable) 640° 97° 67:8 
1:2—1:4 (metastable) Nilo 71:5 


The free energies of formation of the 1:1, 1:2, 1:3 and 1:4 compounds from 
Na.O and B.O3 have been plotted against the composition to show the regions of 
stability of the compounds.®?? The heat of crystallization per oxygen atom has been 
determined at 10, 20, 25 and 33-3 mole-%% of Na2O, from 25° to 700°C.78? 


Crystalline Anhydrous Sodium Borates 


TRISODIUM MONOBORATE, SODIUM ORTHOBORATE, Na3BO3 OR 3Na2O,B203 
Physical Properties 


The 3:1 compound, m.p. 675°C, has been prepared from the oxides, and its 
X-ray diffraction pattern has been reported.°’° A study of the force constants of 
the BO$~- ion has been made’®’, and the infra-red absorption spectrum has been 
studied .°364 


Chemical Reactions 


The reaction of stoichiometric amounts of boric acid with sodium carbonate to 
give sodium orthoborate has been studied by thermogravimetry, differential thermal 
analysis and infra-red spectrography.°*®* The existence of Naz;BO3 has been sup- 
ported by experiments in which boric oxide was melted with an excess of sodium 
hydroxide, resulting in a loss of three molecules of water per molecule of boric 
oxide (ref. 198%, No. 21, p. 650). The reaction of boric oxide with excess of sodium 
carbonate has been interpreted to indicate that the 3:1 and 1:1 compounds are also 
formed above 350—390°C.1+48 

The 3:1 compound has been found to stabilize the high-temperature form of 
dicalcium silicate, Ca.SiO,2°° and to catalyze the esterification of end OH-groups 
of polyformaldehyde by anhydrides or ketene.1°!® Heated with ferric oxide at 
1200°C in air for 18 h, it forms a mixture of green FeBO3 and black Fe3BOg crys- 
tals.92° 


DECASODIUM TETRABORATE, Naj9B40;; OR 5Na2O,2B203 


The 5:2 compound has been prepared from the oxides by heating for 5 days at 
380°C, and its X-ray diffraction pattern has been published.®’° Graphical methods 
appear to lead to the 5:2 formula, although a composition such as 7:3 may be 
possible.°’° Its DTA curve shows a marked thermal effect at 520°C which has been 
attributed to a peritectoid decomposition to form the 3:1 and 1:1 compounds.®”° 


TETRASODIUM DIBORATE, NazB20O;5 OR 2Na2O,B203 


The 2:1 compound, congruent m.p. 640° ®7°, or 625° 5°81, or 620°C 9°8, has been 
prepared from the oxides®”° or from borax and sodium hydroxide or carbonate.°®! 
Its X-ray diffraction pattern*’+“’ °° has been reported, and its infra-red absorption 
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spectrum determined.®%° It crystallizes very readily but in small quantities it can be 
obtained as a glass.°®' Its optical properties have been reported.°*1 


HEXASODIUM TETRABORATE, NagBiOg OR 3Na2O,2B203 


The 3:2 compound has been prepared by heating an NazO-B.O3 mixture con- 
taining 50 to 73 wt-%% of Na2O at about 500°C. Its X-ray pattern could not be ob- 
tained, possibly because of a low-temperature eutectoid reaction.®”° It undergoes a 
solid-state decomposition at 575°C °°, giving the 2:1 and B-1:1 compounds.®”° 


a@-SODIUM METABORATE, NaBO, oR Na2O,B203 
Physical Properties 


The a-form of the 1:1 compound, rhombohedral, m.p. 966° 584, or 968°C579, 
specific gravity 2°464, is easily made by dehydration of the 1:1:8 compound.®”° 
The water content is about 1:3°%% after heating for four days at 170°C in vacuo, but 
the product becomes almost water-free at 500°C.°°° 

Its X-ray pattern has been reported.1°7:177>11144 The structure 243-* 59° consists 
of planar B303~ rings composed of three BOg triangles with two of the three corners 
shared. There is a large difference in the B—-O bond-lengths.5°° The structure has 
been discussed in terms of the ‘structon’ theory.124” The melting points of sodium, 
potassium and lithium metaborates have been represented by an empirical equa- 
tion involving the polarizability and radius of the ions.?°* 

The optical properties have been determined.°*! The infra-red absorption spec- 
trum is somewhat similar to that of potassium metaborate *+> °°; these two com- 
pounds are isomorphous. In one study, infra-red spectra of old and of freshly pre- 
pared samples were found to be quite different 22*-°; the changes were attributed to 
the formation of polymeric groups, but hydration, which occurred®!> in another 
study °®®, appears to be a more likely cause. Infra-red studies on the metaborate 
have indicated that the BOZ ion is not monomeric2??; other infra-red studies of the 
BOz ion have been reported.°?° The 71B n.m.r. spectrum has been compared with 
computer-simulated spectra.®° 

Molten sodium metaborate can be supercooled to only 122° below its melting 
point.°°? Amorphous sodium metaborate has not been reported, although dehydra- 
tion has been carried out at as low a temperature as possible in vacuo.>®° The specific 
magnetic susceptibility of sodium metaborate dehydrated by heating above 200°C 
is —0-477 x 10~° c.g.s. units.°° 


Thermochemical Data 


From the freezing-point diagrams and other studies of the NaBO.—NaF system, 
the heat of fusion of sodium metaborate was determined to be 8000 g cal mole~?.®49 
The U.S. National Bureau of Standards, in 1952, evaluated the heat of formation of 
the crystalline metaborate at 25°C as —253 kcal mole~1.1118 Later, the values 
— 234-31147, — 235-9792, and — 233-22 (—31:5 from the oxides) were calculated 
from the heats of solution in nitric and hydrochloric acids, respectively. The stan- 
dard free-energy of formation at 25°C was calculated to be — 219-8 kcal mole=? 
(— 31:2 from the oxides).2 The heat capacity, entropy, free-energy function, heat 
content, and heat and free energy of formation, based on estimates where neces- 
sary, have been tabulated for crystalline sodium metaborate from 0 to 2000 K and 
for the gaseous metaborate from 0 to 6000 K.?9!: 1985, 1124 A subsequent tabulation, 
based on experimental enthalpies, provided somewhat different values of these quan- 
tities at temperatures up to the melting point.1°1® Heat capacity and other thermo- 
dynamic functions at 6-350 K have been tabulated ?°! and extrapolations to 1000 K 
have been attempted.11** The heat capacity at 25°C is 15-76 g cal mole~! °C.29! 


B-SODIUM METABORATE, NaBOz or Na2O,B203 


The 8 form is metastable and obtained with difficulty. Its X-ray diffraction pat- 
tern, determined on a sample fused and quenched in air and then reheated to about 
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700°C, has been published.°’° At 730°C, there is a transformation to the «-form; 
the metastable melting-point is 734°C.5”° 


Chemical Reactions 


Anhydrous sodium metaborate is hygroscopic, but less so than a product de- 
hydrated to the NaBO.z,H2O composition over phosphorus pentoxide at room 
temperature.°°° The reaction of sodium metaborate with sodium hydroxide has 
been studied by chemical analysis and DTA up to 600°C. The amount of liberated 
water indicated that sodium orthoborate, Naz;BO3, was formed.°®’ The reaction 
started at 240—280°C, near the temperature at which sodium hydroxide undergoes 
a phase change. The amount of liberated water increased at 330—370°C, near the 
peritectic temperature in the NaOQH—NaBOg phase diagram.°®’ A mixture of sodium 
metaborate and elemental boron, heated in vacuo to 880—1800°C, forms BO vapour, 
which can be condensed at temperatures below 700°C to form polymeric BO.1°?® 

Sodium metaborate stabilizes the high-temperature form of dicalcium silicate, 
Caz2SiO,.2°° Anhydrous sodium metaborate, dissolved in methanol, reacts with 
carbon monoxide under pressure to give sodium formate and a methanol solution 
of more acidic sodium borates, which can be distilled to give a trimethyl borate— 
methanol azeotrope.?8? 

Other chemical reactions of sodium metaborate are given on pp. 456-72. 


TETRASODIUM HEXABORATE, Na.zBgQO,1 OR 2Na20,3B203 


The 2:3 compound, formed at 490°C from sodium metaborate and disodium 
tetraborate, decomposes at 720°C to formB-Na,O,2B203 and a-Na2,0O,2B203.°7% 872; 875 
It also decomposes when cooled to give these same substances.°”’° For this reason, 
its X-ray pattern has not been published. A compound having the provisional 
formula 2Na,0,3B2O03 appeared in a visual-polythermal study of phase equilibria 
in the Na.Bs07,—NaBO2—Na.2CrOy, system.®®? It melts incongruently. 


OCTASODIUM DECABORATE, NagBi9Qi9 OR 4Na2O,5B203 


An incongruently melting compound having the provisional formula 4Na20,- 
5B,03 appeared in certain visual polythermal studies of phase equilibria. °° °”* 
A 4:7 compound was also reported in a system containing chromate®’?’®’°, but 
has not been found by other investigators. 


DISODIUM TETRABORATE, ANHYDROUS BORAX, Na2B4O7 OR NazO,2B203 


The 1:2 compound exists in at least three crystalline forms. The usual «-form 
(or ‘B-form’*°®*), made by dehydration of borax hydrates, is the stable form above 
600—700°C, and melts congruently at 742-5°C.°°! Melting points as low as 732°C, 
with errors attributed°®! to absorption of water from the atmosphere, have been 
published. ‘Calcined borax’, apparently partially dehydrated, has been recorded 
to melt at 685—716°C.7!° The «-form crystallizes when supercooled molten borax 
is seeded °** or touched 19° at 600—680°C. The linear rate of crystallization has been 
investigated.17*© Forms designated ‘A’ and ‘C’, m.p. 710°C and 663°C (incomplete 
melting) respectively, were at times obtained rather than the B-form, when the 
melt was kept at 600—680°C for 10h or more without seeding.°®* Form A was un- 
changed after six weeks at 600—630°C. Experiments suggested that when form C 
melted, form A crystallized and when form A melted, form B crystallized.°°* In 
another investigation, two forms designated 8 and y were obtained in addition to 
the «-form®®* and their optical properties were determined. The S-form changed 
into the a-form in 20 min at temperatures above 600°C. This change takes place 
at temperatures as low as 475°C, but it is slow at the lower temperatures.°®! The 
y-form was unaltered in 15 min at 700°C, but changed partly to the «-form in 4h 
at this temperature, and completely to the «-form in 15 min at 625°C.°8! Whether 
this 8-form and the «-form®°®! may have been form C and form A, respectively, of 
the previous work °®* is uncertain. X-Ray diffraction patterns of forms designated 
as B and y have been published®”°, but it is uncertain whether these are the same 
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forms as 8 and y, respectively, of the previous work.>*! A triclinic form has been 
reported®’°, and crystal structure studies have been carried out on such a form.??°° 


a&-DISODIUM TETRABORATE 
Physical Properties and Thermochemical Data 


The X-ray diffraction pattern?’® 7°, unit-cell dimensions, and probable space- 
group of an orthorhombic form, probably the a-form of the 1:2 compound have 
been given.19°-* Thought first to have a cage structure?2°, later crystal study shows a 
layer formation!?°° (d=2-27, borax glass= 2-36). The optical properties have been 
determined.'’® °°! The infra-red absorption spectrum has been studied®%*; peaks were 
observed??? at 1069 (very broad), 1380, and 1470cm~+. Non-thermal (chemilumi- 
nescent) radiation has been observed from disodium tetraborate at temperatures as low 
as 700°K in an atmosphere of carbon monoxide containing nitrous oxide and oxygen. 
The temperature at which radiation occurs is 150-200°C less than with other salts 
investigated. The radiation was intense when the nitrous oxide concentration was 8 to 
20°%.7*° The specific magnetic susceptibility of borax dehydrated above 318°C was 
found to be —0-423x 10~° c.g.s. units.&* 

The heat of formation of crystalline disodium tetraborate, Na2B4O7, at 25°C 
has been calculated to be — 786-4 kcal mole~} 292°1147, from its heat of solution in 
nitric acid.”°° A calculation based on heat of solution measurements in hydrochloric 
acid and a later value of the heat of formation of boric oxide also gave — 786-4 
kcal mole~?.? This value is preferable to the older value, — 777-7 kcal mole~? 3218, 
which appears to be for the glassy form. The free energy of formation from the 
elements is — 739-7 kcal mole~+.?:9°* The heat of devitrification is —4:99°°* or 
— 4-857°° kcal mole~!. The standard free energy of devitrification is — 4-81 kcal 
mole~+.78° Heat capacity values measured by adiabatic calorimetry and values of 
S°, (H°— Ho) and (F°—Ho)/T have been tabulated from 6-350 K for the a-form 
and for the vitreous form.°°* The heat capacity of the «-form is higher than that of 
the vitreous form at temperatures above 35 K.9°*:112° Extrapolated heat capacity 
values for crystalline disodium tetraborate have been tabulated for temperatures 
of 400-1000 K.112* Experimental heat contents for crystalline anhydrous borax, 
from 25°C?°!® and from 100°C 78° 783 to the melting point, and for the amorphous 
form from 25° to 1100°C have been reported.’®° 78? The small difference between 
the entropies of the glassy and crystalline forms suggests a similarity in structure.’®° 
Heat capacity, entropy, free-energy function, enthalpy, and heat and free energy 
of formation have been calculated from literature values and tabulated from 0 to 
2000 K for crystalline anhydrous borax and from 298 to 3000 K for liquid anhydrous 
borax.'°8® A later tabulation at temperatures up to the melting point was based on 
other experimental enthalpy values, and gave somewhat different values of these 
quantities.*°'® The heat capacity has been treated theoretically as the sum of contri- 
butions from the polymer chain anions and from the cation oscillators.®?° 

The integral heat of solution of crystalline anhydrous borax in water to give a 
2°5 wt-%% Na2B,O, solution has been determined as — 46:00 g cal g~1 Na2B,O;, at 
51:5°C and — 45-50 g cal at 60°C.79” 


Chemical Properties 


Crystalline anhydrous borax takes up some water from moist air even at 300°C. 
It becomes anhydrous at 700°C, but will take up a little moisture from moist air 
when melted, at a temperature just above the melting point of 742-5°C.°* 

Anhydrous borax glass dissolves in water more slowly than the hydrated forms. 
From its rate of solution in stirred and unstirred water, the interface temperature 
gradient was found to be about 3°C.° 

In an attempt to measure the vapour pressure of aqueous solutions saturated 
with anhydrous borax under pressure at 374—-600°C, equilibrium with crystals was 
apparently not reached, since very viscous solutions were obtained.°®° Crystalline 
anhydrous borax dissolves slowly in methanol and will reach a concentration of 
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13 wt-% at 25°C; finely divided anhydrous borax will reach 16:79%.11!74 It will 
slowly dissolve in ethylene glycol at 25°C, to make very viscous solutions containing 
15:5% of Na2B,Oz. If it is finely divided, a concentration of 30% Na2B.O7 is 
reached.!2174 In formamide its solubility at 25°C is 40-6 g 1~+ of saturated solution.?®° 

Anhydrous borax does not react with dry carbon dioxide, but is completely de- 
composed by it if methanol is present to volatilize the boric oxide as trimethy] 
borate (ref. 1083, No. 21, p. 658). Dissolved in methanol, it reacts with carbon mon- 
oxide to produce sodium formate and solutions of more acidic sodium borates in 
methanol, from which trimethyl borate can be recovered.°®? It is quantitatively 
converted into sodium fluoride by evaporation to dryness with formic acid, volatiliza- 
tion of the boron with methanol, and evaporation to dryness with hydrofluoric 
acid.’* It is quantitatively converted to sodium fluoborate by evaporation to dryness 
with hydrofluoric acid.°®? Anhydrous borax, added to an aqueous solution contain- 
ing hydrofluoric acid and potassium chloride precipitates potassium fluoborate. 
Gradual addition increases the particle size of the product.'°°* When heated to 
100—200°C with a fluorosulfonate, it evolves boron trifluoride.?2°° Anhydrous borax 
reacts with sodium oxide at high temperatures to give anhydrous sodium meta- 
borate or orthoborate, or a mixture, depending on conditions. The reaction can be 
started with a hot wire.°9?-? A mixture of anhydrous borax and sodium hydride, 
made by treating a mixture of sodium metal and anhydrous borax with hydrogen, 
reacts with coarse sea-sand and hydrogen at 450°C (4h at 3-5 atm pressure) to give 
sodium borohydride.°®? Magnesium reduces anhydrous borax when a mixture of 
’ the two is heated. A fine, insoluble, brown powder is obtained when the reaction 
product is boiled with hydrochloric acid.‘117“ Molten borax attacks burnt clay at 
800°C.8°7 Anhydrous borax reacts with carbon and chlorine, at elevated tempera- 
tures, to give boron trichloride, sodium chloride and carbon monoxide. This pro- 
cess can be carried out in a high-intensity arc.**®® Copper-containing materials are 
said to cause the reaction to proceed at lower temperatures, beginning at 400°C, 
giving very pure boron trichloride.1°°? Anhydrous borax is a weak or ineffective 
catalyst for the oxidation of sodium sulphite and various organic compounds.*®® 
Disodium tetraborate had a low chain-destroying efficiency in the hydrogen—oxygen 
reaction.®°? Borax glass is blackened by radium radiation filtered through mica.*”* 

Other properties of liquid and glassy anhydrous borax are given in the section 
on the molten borates, pp. 437-72. 


TETRASODIUM DECABORATE, Na4B,; 9017 OR 2NazO,5B203 


A phase-equilibrium diagram®”° indicates that the 2:5 compound is stable between 
580° and 686°C, a mixture of the a-1:2 and y-1:3 borates being formed at higher 
and lower temperatures. The 2:5 compound can be obtained by heating the molten 
glass of this composition at about 500°C for two days. It crystallizes completely at 
580°C *®"° and can be obtained at room temperature by rapid cooling. Its X-ray 
diffraction pattern has been published.®’° A thermal effect shown by the heating 
curves in the system 2Na2,0,5B203—H2O under pressure at about 500°C has been 
attributed to crystallization of the anhydrous 2:5 compound.°°? 


SODIUM TRIBORATE, NaB30; oR Na2O,3B203 


The 1:3 compound exists in three forms.°’° The stable «-form, monoclinic, d 
(calculated) 2:242'25” incongruent m.p. 766°C, decomposes at that temperature to 
give the 1: 4 compound and a liquid containing 76°% of B2O3°*! (or 74% of B2O3°"°). 
The X-ray diffraction pattern!?>: 176-579, 783.903" gntical properties*’® °°, and infra-red 
absorption spectrum®°? have been published, and the crystal structure has been 
studied.125” Arguments have been published for a cage structure.??° 

From measurements of its heat of solution in hydrochloric acid, the heat of forma- 
tion of sodium triborate from its elements has been evaluated as — 549-9 kcal 
mole~1.2 A previous value, — 550-7 kcal mole~?, was calculated?9? from heat of 
solution determinations in nitric acid.7°° Heat-content measurements have been 
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made for the crystals up to the melting point and for the glass up to 1100°C.78° 
Heat capacity, entropy, free-energy function, enthalpy, heat of formation and free 
energy of formation for the 1:3 crystals have been calculated and tabulated from 
298 to 2000 K.?°8> Another tabulation of these quantities, at temperatures from 
298 K to the melting point, was based on later experimental determinations of 
enthalpy and gives somewhat different values.1°?® 

The 8-form, metastable, melts congruently at 728°C °° (or 740°C ®"°); the y-form 
melts at 735°C.°’° The X-ray diffraction patterns of these forms have been re- 
ported.°”° 


DISODIUM OCTABORATE, NazBgQO,3 OR Na2O,4B203 


The 1:4 compound occurs in two forms.®’°:°%! The usual form is the stable 
monoclinic*®° form, d 2:32*°°, which melts congruently at 816°C.°°! A metastable 
form (m.p. 797°C%®® or 717°C °*"°), crystallizing in thin blades, appears in several 
days if the temperature of heating is below 600°C.'°’ Occasionally it is formed at 
temperatures up to 700°C.°®! Optical properties1”® °°! and X-ray diffraction pat- 
terns ?°7: 185-176 of both forms have been published. The low-temperature form did 
not change in 2 h at 630°C, but at 685°C the crystals were about half changed to the 
high-temperature form. After 30 min at 770°C the low-temperature form had dis- 
appeared.°®! The 1:4 compound has crystallized from Na,O-B2O3 glasses contain- 
ing as much as 99°%% of boric oxide. The eutectic between disodium octaborate and 
crystalline boric oxide has not been determined, as boric oxide does not crystal- 
lize in the system Na,O-B2O3.°°? 

The structure of the high-temperature form of the 1:4 compound %*% *°°, con- 
sists of two independent networks made of 6-membered rings of alternate boron and 
oxygen. Some of these rings share a tetrahedral boron atom to form a double-ring 
group. Single rings are linked only to double-ring groups and double-ring groups 
are linked only to single rings. Non-ring oxygen atoms form bridges between rings 
to produce a three-dimensional network. One-fourth of the boron atoms are tetra- 
hedrally coordinated with oxygen, the rest being in triangular coordination.**°? The 
structure has been discussed in terms of the ‘structon’ theory.'?*” Arguments have 
been given for a cage structure.??° 

From the heat of solution of the 1:4 compound in hydrochloric acid, its heat 
of formation has been calculated? to be — 1412-5 kcal mole~?. From experimental 
determinations of enthalpy and other information from the literature, the heat 
capacity, entropy, free-energy function, enthalpy, heat of formation and free energy 
of formation have been tabulated for the 1:4 crystals from 298 K to the melting 
point.?°1® Previous values of the enthalpy and entropy were tabulated for the crys- 
tals from 100°C to the melting point and for the glass and liquid from 100° to 
1100°C.7®°: 783 The 1:4 compound can apparently exist in equilibrium with its 
saturated aqueous solution between 374° and 600°C. The vapour pressures of the 
saturated solutions are 47, 85, 136 and 150 bars at 374°, 400°, 500° and 600°C 
respectively.°®° The crystalline 1:4 compound takes up water from the atmosphere 
more slowly than the 1:2 or 1:3 compounds or the glassy 1:4 compound.97® 1°8° 


SODIUM PENTABORATE, NaBsOg OR NazO,5B203 


Two kinds of heating curves were observed with a material of composition 
Na,O,5B20; prepared by the dehydration of sodium pentaborate pentahydrate, 
NaB;03,5H2O.1°8 Usually a heat effect attributed to the stable form of the 1:4 
compound was observed at 810°C, but in certain cases, after reheating for several 
days, a plateau at 720°C was observed in the heating curve. This was attributed to 
the possibly incongruent melting of Na20,5B.O3 to give NazO,4B2Oz3 plus a liquid 
containing 89°% of boric oxide.1°® Heating curves of samples of the 1:5 composi- 
tion which had been heated for long periods at different temperatures were inter- 
preted as indicating the existence of three allotropic forms, the y-form changing to 
the £-form at 720°, the B-form changing to the «-form at 770°, and the a-form 
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melting incongruently at 785°C. The X-ray diffraction patterns of these three sup- 
posed varieties of the 1:5 compound could not be obtained; at room temperature 
all the samples studied gave only the pattern of the stable a-1:4 compound.®”° 


SODIUM ENNEABORATE, NaBgQ;4 OR Na2O,9B203 


Three forms of the 1:9 compound have been reported.°’° According to heating- 
curve studies, the y-form changes at 325°C to the B-form, which changes at 643°C 
to the a-form. The a-form melts incongruently at 682°C to form the y-1:5 com- 
pound and a liquid containing 87°%% of boric oxide.®’° X-Ray diffraction patterns of 
the three forms have been published.°’° Crystallization of the 1:9 compound is 
slow; after rapid cooling to avoid formation of the 1:4 compound. almost a month 
of heating at about 550°C was necessary for crystallization.°”° 


HYDRATED POTASSIUM BORATES 
Phase Equilibria in the System K,0-B,0;-—H2O 


Studies of phase equilibrium in the K.2O-B,0;-H2O system have been 
reported in Mellor, V, 77 and several further studies have been under- 
takenusince. 27 16e: i271. 2175 708, 131, 800, 321-8, 8494, 1082 Solubility, isotherms, have: been 
Ocier mined at cee 10°) Cen ee 2S Oem 35° AT 56. 80-5 100, Ab 3d/, 
aids $43 Gee; S70 Se randiatis 72577 45°¢ 85°: and-95°C:44*:248? Axpolythermic 
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Fic. 11.—Phase diagram for the system K,O0—-B2,0;—H20O at 0-100°C 
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diagram showing the fields of the common potassium borates is given in Fig. 11. 
Diagrams showing the isotherms and stability regions of the known compounds 
between — 40° and 0°C have been published, listing low-temperature eutectics and 
peritectics.°°4: °41,843 A ternary eutectic, m.p. —66°5°C, exists at 25-75 wt-% K2O 
and 0-80 wt-% B.O3.°°4: 842 The temperature at which a solution can be saturated 
with the three compounds with the K20:B203:H2O molar proportions 1:2:4, 
2:5:5, and 1:5:8 has been reported to be 52:5 +2:°5°C.14® More recent studies have 
been made in which new phases have been crystallized from aqueous solutions by 
using seed crystals made by dehydration of hydrated borates or by the reaction of 
potassium hydroxide and boric acid in alcohol.8*34 The 56°, 80° and 100°C iso- 
therms and the polythermal phase diagrams for the Kz,0—-B203;—H2O system have 
been revised to show the fields of the 2:9:11, 1:5:4, 1:2:2, 1:2:3 and 1:5:4 | 
compounds ®*34, which did not appear in earlier work. 


Tetrapotassium Diborate Hydrate 


TETRAPOTASSIUM DIBORATE PENTAHYDRATE, K4B205,5H2O or 2K20,B203,5H2O 


The 2:1:5 compound has been crystallized from very concentrated alkaline 
liquors at 131° and 143°C, but not at 100°C. Its solubility is incongruent.’°> ®*° It 
contains much more water of crystallization than the corresponding sodium salt 
and is in equilibrium with solutions in a higher temperature range.®*° 


Table XII.—Solubilities in the System Potassium Metaborate—Water 


Temperature, °C | wt-°% KBOz Solid-phase details 
—5 12:8 
—8 17-6 
—10 20:0 Ice 
— 13 22:9 
— 20 27:1 Eutectic, e-KBO.2,4H2O and ice 
—18 26:6 
—11 30-2 
0 34-2 a-KBO2,4H2O0 
10 38-2 
11 39-0 
24 43-8 Transition, «-KBO2,4H20 to KBOz,14 or 14H2O 
0 35:5 KBOz,14 or 14H2O (metastable) 
30 44-4 
50 46:4 
56 47-0 
80 49-6 
100 51°6 
120-4 55:8 (b.p.) KBOz.,14 or 14H2O 
130 56°8 
145 59-4 
150 60-6 
165 65:8 
180 68-8 
195 73:0 Transition, KBOz2,14 or 14H2O to KBOg,4 or 
4H,O 
200 73-1 
223 74 ne Se 
pe 73-4 
250 74:0 Transition, KBOz,}+ or 4H2O to anhyd. KBO, 
256 73°8 
277 73-2 KBO. 
300 73-0 
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Potassium Metaborate Hydrates 
SOLUBILITY 


Solubilities in the KBO.-H.O system have been reported 84°? 1°82 and are pre- 
sented in Table XII. From solubility determinations and heating curves determined 
under pressure, a phase diagram has been constructed for the KBO.—H2O system 
from —20° to 300°C.%*° Other investigators have reported a different solubility 
curve with an ice-KBO.2,H2O eutectic at 37:5 wt-°% KBOs, m.p. —13:5°C, and a 
KBO.,H2O-KBO, transition point at 30°C, 41:55 wt-°4 KBO,..2?7 Comparison of 
this curve with previous work ®*° suggests that the eutectic reported at —13-5°C 
may be metastable with respect to the 1:1:8 compound. The reported 2?” transition 
to anhydrous KBOz at 30°C appears to be incorrect. 


POTASSIUM METABORATE 44-HYDRATE, KBO2,44H20 or K2O,B203,9H2O 


The 1:1:9 compound did not appear in the solubility studies reported above, but 
was found later to be the stable metaborate phase at 0°C in the system K,0—-B,03-— 
H.O. Its isotherm at this temperature is between those of the 1:2:4 and the 1:1:2°5 
compounds *#?; it is nearly parallel to the isotherms of the «-1:1:8 and B-1:1:8 
compounds and somewhat below them.®*? 


POTASSIUM METABORATE TETRAHYDRATE, KBO.2,4H2O oR K20O,B203,8H20 


As shown in the above solubility data, the a-1:1:8 compound has been reported 
to be in equilibrium with its solution from the cryohydric point to 24°C.®*°! Later, 
the B-form was discovered, having an isotherm at 0°C nearly parallel to that of the 
a-form and slightly below it.°42 The a-form is therefore metastable with respect to 
the 8-form at this temperature. Both «- and f-forms are metastable with respect to 
the 1:1:9 compound at 0°C. The f-form crystallizes after about 48 h agitation from 
a K,O-B.O;-H:20 solution slightly more alkaline than metaborate, and slightly 
unsaturated with K.O,B.03,2:5H2O, at temperatures between 0° and —10°C.®*? 
The fields of the «- and B-forms have been determined at temperatures below 0°C.°*? 
DTA studies (cooling) have indicated that the transition point is close to — 30°C 
along the whole length of the — 30° metaborate isotherm.®4? The f-form has an 
incongruent solubility below 0°C.°°4 To obtain seeds of the a-form, prolonged 
agitation for several hours near — 60°C was necessary.°®*? 

Thermogravimetric analysis of the B-form of the 1:1:9 compound did not show 
any definite intermediate stages during the loss of the eight molecules of water.°94 


POTASSIUM METABORATE 14 OR 14 HYDRATE, KBOz,14 or 14H2O 


The 1:1:2:5 (or 1:1:2%) compound, orthorhombic ®**:%*°, crystallizes in the 
K.O-B.0;-H20O system at temperatures as low as — 20°C and as high as 143°C. °° 843 
The crystal structure of a hydrated potassium monoborate has recently been re- 
ported.°*74 In contact with its own solution, it has been reported stable from 24° 
to 195°C.®* Its X-ray diffraction pattern has been published ®**, and its unit-cell 
dimensions have been measured.®** 94° Infra-red studies, using compounds contain- 
ing boron and hydrogen isotopes, show that the 14-hydrate and the 4-hydrate 
(regarded as the 14- and 4-hydrates by the authors) contain both three- and four- 
coordinated boron.?°? The 14-hydrate is quite hygroscopic ®°® °4; its water of hydra- 
tion has been reported as 14 molecules ®*° 1°82 (Mellor, V, 77), 14 molecules *7% ®* 946 
and 14 molecules.?4° The formula K3;B303(OH).s,H2O has been proposed, based on 
the 14-hydrate composition.*7® N.m.r. studies do not disagree with this formula 
but suggest that a greater water content and a smaller OH content are more prob- 
able.?°? 

In one investigation, the salt, regarded as the 14 hydrate, lost one molecule of 
water at 100°C (which it quickly regained in moist air) and was said to be dehydrated 
to the anhydrous salt above 160°C.*”® These changes were studied by X-ray and 
infra-red methods.*”® In another study, a thermogravimetric curve of the 14- 
hydrate®*° indicated that this compound lost no water, under the conditions used, 
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at temperatures up to 164°C. It then lost one molecule rapidly, and the composition 
remained constant at + molecule of water between 195° and 224°C. Between 224° 
and 230°C about 0:15 molecule more was lost; and the last 0-1 molecule was lost 
gradually between 230° and 450°C.°®*° 

When adhering moisture was present (1-5 molecules total water content) potassium 
metaborate attacked glass.°°° 


POTASSIUM METABORATE 4- OR $-HYDRATE, KBOz,4 OR $H2O 


The 4-hydrate crystallizes from solution at temperatures between 195° and 250°C, 
according to solubility and heating-curve measurements under pressure.®*°-! It has 
also been regarded as a 4+-hydrate*’®, and the structural formula {K3[B305(OH)e]}, 
has been proposed.*’® N.m.r. studies °°? agree with this formula. Its X-ray diffrac- 
tion pattern has been published.®** Solubility data for this hydrate appear in Table 
XII. 


Dipotassium Tetraborate Hydrates 
SOLUBILITY 
Although the 1:2:4 compound becomes metastable with respect to the 2:5:5 
compound in contact with its solution above 56°C ®** the 2:5:5 compound is very 
slow to crystallize in the absence of seed, and the solubility of the 1:2:4 compound 
may be determined at temperatures up to above 100°C. Solubility determinations 
are reported, from four sources °!°% 727: 840, 1082 in Table XIII. Figures from two of 


Table XIIT.—Solubility of Dipotassium Tetraborate, K2B407, in Water 
(Solubilities stated in wt-°4 K2B.4O7; solid phase throughout is K2B,407,4H2O) 


Tem- Solubility Tem- Solubility 
pera- pera- 
ture, °C ture, °C 
—3 5-8 84° (cryohydric point) 47 2257 640 
0 7:0840, 6-2727, 6-4] 1082 50 24-3727, 23-541082 23.4510 
9:3 8-54 1082 56 27-6 840 
15 10-1 727 60 PAP Se oils 28-2510 
16 10-51:*°8? 70:8 sb ce 
20 1223849 ab 1pORES, 127137 8s Tite Sot? 80 Bes 
25 13:7," 81 38-44 1082 
30 15:594" 315 Vo" lo 100 46-4840 
35 17°)" sh) lee 105-4 50:91 2852 (bn) 
40 19-3840, 19-441082, 19.7510 


these sources 727: 1°82 have been recalculated to give the solubilities in wt-°% K2B.07 
throughout. Other studies of the solubility have been made.!1%44 


DIPOTASSIUM TETRABORATE OCTAHYDRATE, K2B,07,8H2O oR K20O,2B203,8H20 


The 1:2:8 compound was prepared by early investigators°°°, but it did not appear 
in later studies.°*% 842, 8434 Qvyer sulphuric acid 7:39 molecules of water were lost 
gradually, during 226 days.°°° 


DIPOTASSIUM TETRABORATE PENTAHYDRATE, K2B4O7,5H2O oR K2O,2B203,5H2O 


The existence of the 1:2:5 compound mentioned in early investigations (Mellor, 
V, 77) is doubtful. A new 1:2:5 compound has, however, been reported recently.°42-% 
Seed crystals for crystallization of the new 1:2:5 compound were made by pro- 
longed agitation or by the addition of alcohol. The 0°C ®*? and 100°C 84? isotherms of 
the new 1:2:5 compound in the K,0-B,03—H2O system have been determined, and 
its X-ray diffraction pattern has been published.**? This pattern is different from 
that given for the pentahydrate on card 1-195 of the Powder Diffraction File?11*4, 
which appears to be the pattern of the 1:5:8 compound instead. This suggests that 
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the infra-red spectrum °®® said to be that of the 1:2:5 compound may also have been 
incorrectly identified. 

A thermogravimetric study of the new 1:2:5 compound showed two plateaux, 
corresponding to the trihydrate at 150°C and to the monohydrate at 300°C.®*° 


DIPOTASSIUM TETRABORATE TETRAHYDRATE, K2B,407,4H2O oR K20O,2B203,4H2O 


The 1:2:4 compound is the most common hydrate of dipotassium tetraborate. 
It is orthorhombic, d 1:945°°° or 1-:919.°3! The structure ®*!’728 has a unit cell 
containing four K,[B,40;(OH).],2H2O units. The polyborate ion, [B,0;(OH).,]?~, 
is like that found ®°®* in borax, consisting of two BO;,0H and two BO2OH groups 
sharing oxygen atoms to form a two-ring structure (Fig. 5), with which n.m.r. 
studies agree.°°? The X-ray diffraction pattern has been published.®** The electrical 
conductivity, measured during heating of the sample, showed a small peak at 450°C 
and a large increase from 500°C to 745°C.811 

A study of solution rates as a function of temperature and concentration indicated 
that dissolution of the 1:2:4 compound is rapid. In 100s at 49°C with mild agita- 
tion, 90°% of saturation was reached.!1344 

Thermal analysis under pressure indicates that the tetrahydrate in contact with 
its saturated solution decomposes at 145°C to give a dihydrate and a liquid contain- 
ing about 63 wt-°%% of K2B,O0,7.°*° The heating curves under pressure also indicate a 
change from K,0,2B203,2H2O to K,0,2B203,H2O at 240°C in contact with a liquid 
containing about 72 wt-°% of K2B,O,, and a change from the monohydrate to the 
anhydrous salt at 300°C in contact with a liquid containing about 75 wt-% of 
K2B.407.°*° 


Dehydration 


Heating a 5-g sample of the 1:2:4 compound in an oven for 5-h periods at the 
successive temperatures given resulted in the following percentage losses in weight: 
ee tO ose lsc .9s lj 10) 144° 115" 2°14: 148" 13°72: 165° 15:82; 205- 
18-39; 250° 21:07; 300° 22:9.727 This compound has been recommended as a primary 
standard for standardizing of acids.’?" 

The differential thermal curve*®?:®11 showed endothermic effects at 180° and 
800°C and an exothermic effect at 450°C. The thermogravimetric curve showed a 
loss of two molecules of water between 112° and 180°C and loss of the last two 
molecules gradually between 180° and 420°C.®!! Heated in vacuo, K20,2B203,4H20 
was Stable up to 100°C, where half its water was rapidly lost. The last two molecules 
were lost gradually at temperatures up to 400°C.°°" In atmospheres saturated with 
water vapour at 90° 4° and 95°C ®°°, thermogravimetric curves for K20,2B2QOs,- 
4H.O indicated that two molecules of water were lost between 112° and 140°C, 
one more between 200° and 230°C, and the last between 250° and 290°.°°° Thus 
there were plateaux at 140°-200°C and 230°-250°C, corresponding to the 1:1:2 and 
1:2:1 compounds. The plateaux did not appear at low humidities. The change from 
K.B.07,4H2O to Ke2B.07,2H.O was reversible.°°° In air saturated with water 
vapour at 20°C, two molecules of water were lost on heating from 112—130°C and 
the last two were lost between 130° and 400°C.°°° The anhydrous state was thus 
reached more quickly and at a lower temperature if the humidity of the atmosphere 
was high.°°° The temperature of the beginning of water loss from K2B1,07,4H20 
increases rapidly with the partial pressure of water vapour in the atmosphere, from 
85°C at about 2mm to a maximum of 111+1°C at about 16 mm. From the slope 
of this curve, the heat of dehydration to give the dihydrate and water vapour was 
calculated to be 20:7 kcal mole~? of water.°°° 


DIPOTASSIUM TETRABORATE TRIHYDRATE, K2B,07,3H2O oR K2O,2B203,3H2O0 


The 1:2:3 compound is a stable phase in the ternary system at temperatures 
from about 52° to above 100°C.®4? Its powder diffraction pattern, solubility iso- 
therms at 56°, 80° and 100°C and its region of stability have been reported.®** ®*°4 
Its solubility is incongruent.°®*? 
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DIPOTASSIUM TETRABORATE DIHYDRATE, K2B407,2H2O OR K2O,2B203,2H2O 


The 1:2:2 compound, d 2:143°°, is formed by heating the 1:2:4 compound in 
air saturated at 90°C 8*° or at 95°C °°? with water vapour, as mentioned above, or 
by crystallization from more alkaline solutions. Heating-curve studies under pres- 
sure suggest that the 1:2:2 compound, formed from the 1:2:4 compound at 145°C, 
decomposes at 240°C to give the 1:2:1 compound and a solution containing about 
72 wt-% of K.BsO,7.84° The powder diffraction pattern of the 1:2:2 compound 
has been published.*** A photograph of the crystals suggests that they may be 
orthorhombic.°°° Its solubility is incongruent.®** Its 80° and 100°C isotherms have 
been determined 8*° 84; the 100°C isotherm is metastable with respect to the 1:2:3 
compound.®*? Crystals having the 1:2:2 composition made from trimethylborate 
and potassium ethoxide are very hygroscopic.??? 


DIPOTASSIUM TETRABORATE MONOHYDRATE, K2B40O7,H2O oR K20,2B203,H2O 


The 1:2:1 compound, d 2:10°°°, was formed between 140° and 200°C in a thermo- 
gravimetric study of the tetrahydrate in air of high humidity.°°° Heating curves and 
solubility studies under pressure have indicated that it is in equilibrium with its 
solution between 240° and 300°C 8*° and that at 300°C, under pressure, it decomposes 


to form the anhydrous salt and a solution containing approximately 75 wt-% of 
K.B,07.8*° 


Potassium Triborate Hydrates, KB3;0;,14H.O and KB;0;,2H.O, or 
K,0,3B.0;3,3H.O and K,0,3B,03,4H2O 


The 1:3:3 compound has been crystallized in the K,O-Bz,03;—H2O system at 
100°C, and its 100° isotherm (metastable) has been determined.®*?4 

The 1:3:4 compound, made from trimethylborate and potassium alkoxide, is 
very hygroscopic.?2! Its X-ray diffraction pattern has been published, and n.m.r. 
measurements have indicated that its water content is in the form of OH groups.??+ 


Tetrapotassium Decaborate Hydrates 


TETRAPOTASSIUM DECABORATE HEXAHYDRATE, K.4B,90;7,6H2O OR 
2K20,5B203,6H2O 


The 2:5:6 compound, first reported in 1970, does not crystallize spontaneously 
from solutions in the K,O-B,0;—H2O system, but was crystallized by using seed 
prepared separately in various ways. Its 100°C isotherm, which is partly metastable, 
was determined.®*94 


TETRAPOTASSIUM DECABORATE PENTAHYDRATE, AUGER’S POTASSIUM BORATE, 
K.4B;.90;7,5H2O OR 2K,0,5B203,5H2O 


The 2:5:5 compound, orthorhombic, d 2:151*°, was first prepared by Auger, 
in 1925.°° Its X-ray diffraction photographs have been published.'*® ®44 The crystal 
structure°?® contains [B;0g(OH)]?~ units composed of a central tetrahedral boron 
atom with two opposite edges shared with a B2O; group on one side and a B20;(OH) 
group on the other. The B2O; group consists of two BOsg triangles, and the B,0;(OH) 
group consists of one BO, tetrahedron and one BO.OH triangle. The unit is thus 
similar to the two-ring pentaborate ions found in potassium pentaborate%%, which 
are, bonded to other ions by hydrogen bonds. The [B;0,(OH)]?~ units in Auger’s 
potassium borate, however, are bonded to four other similar groups by sharing 
four oxygen atoms, and are also held together by K—O bonds and hydrogen bonds.°?® 
The position and bonding of the two water molecules of the K2[B;0,(OH)],2H2O 
compound are such that they can be lost without any major change in the structure, 
thus explaining the reversible loss and regain of four-fifths of its water content.+*® °?° 

The solubility of the 2:5:5 compound, congruent above 40°C, has been deter- 
mined 84°; values are given in Table XIV. 
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Table XIV.—Solubility in Water of K4B;9017,5H2O 
(Auger’s Potassium Borate)**° 


(Solubilities in wt-°% of K4B10017) 


Temperature, °C | Solubility Temperature, °C | Solubility 
40 23-2 180 48-4 
47 24:2 190 50-0 
56 26:2 200 51-6 
70 28°6 220 56:0 
80 31-0 240 58-4 

100 33-8 260 62:7 
120 372 Ze 65:0 
1355 40-0 280 66:8 
152 43-0 300 71-4 
173 46-8 330 80-0 


The 2:5:5 compound is a stable phase in the KzO-B.03;—H2O system at tempera- 
tures as low as 28+ 3°C.°4° At 100°C, in contact with solutions having K,0:B.O3 
molar ratios between 0-35 and 0-5, it is metastable with respect to the 2:5:6 com- 
pound.®#34 

Photomicrographs of the 2:5:5 crystals have been published.1*® The crystals are 
usually very small, but have been obtained about 1 mm long.'*® Although they are 
metastable at room temperature, they can be kept in contact with their mother 
liquor at room temperature for a month or more?4’, in the absence of other crystals. 
A reported ‘7-hydrate’1** was later found to be the 5-hydrate.14°-7 


Dehydration 

Auger reported a loss of four molecules of water between 40° and 100°C.%¢ 
Thermogravimetric curves have been studied1*°-7-°4° by using crystals having 
mean lengths of 0:02 and 0-5 mm and several successive cycles of dehydration- 
rehydration in air saturated with water at 25°C. The 0:5-mm crystals gave more 
satisfactory curves, with inflections indicating the formation of the 2:5:3 compound 
at 140°C and the 2:5:1 compound at 360°C14° or 256-400°C.®*° The first four 
molecules of water are therefore lost much more easily than the last molecule. If 
the dehydration was stopped at this point, rehydration on cooling gave an inflection 
at the 2:5:3 composition at 100—-120°C.'*® The salt was completely dehydrated to 
form a product with a higher density, 2:23, by heating to about 450°C 14° or 480— 
500°C.°®*° When so treated, it did not begin to rehydrate until cooled to 35°C, and 
the rehydration curve did not show an inflection.1*® The dehydration and rehydra- 
tion behaviour agrees with the presence of the [B;0gsOH]2”~ polyion in the 2:5:5, 
2:5:3 and 2:5:1 compounds.®*° Crystals of the 2:5:5 compound, when made from 
trimethyl borate and potassium ethoxide, are very hygroscopic.°??! 


TETRAPOTASSIUM DECABORATE TRIHYDRATE, K4B;90,17,3H2O oR 2K20,5B203,3H2O 

The 2:5:3 compound, d 2:09 + 0-01 1*° was formed at 140°C in the thermogravi- 
metric studies of the 5-hydrate1*®”: °*° referred to above; it did not crystallize from 
solution, however, in a heating-curve and solubility study under pressure.®?° It 
is readily hydrated back to the 5-hydrate in humid air, and can be dehydrated to 
the 1-hydrate by heating to a temperature between 256° and 400°C.®*° 


TETRAPOTASSIUM DECABORATE MONOHYDRATE, K.4Bi9017,H2O OR 2K20,5B203,H2O 
The 2:5:1 compound, d 1:97, formed by heating the 5-hydrate to about 300- 
400°C 14° (or 260-390°C) ®4°, takes up water vapour from the atmosphere to form 
the 2:5:3 and 2:5:5 compounds.?*® The rehydration curve in air saturated with 
water vapour at 25°C shows an inflection corresponding to the 2:5:3 compound, 
at 120°C.1*® Heating curves and solubility studies under pressure have been inter- 
preted to indicate that the 2:5:5 compound decomposes at 330°C to form the 
2:5:1 compound and a saturated solution containing 80-0 wt-°% of K4B,.0,7.°?° 


Refs. p. 472 


394 Boron 


DIPOTASSIUM OCTABORATE HEXAHYDRATE, K2Bg0O;3,6H2O OR K20,4B203,6H2O 


The 1:4:6 compound has been crystallized in the Kz0-B,03-H2O system and 
its 100°C isotherm, which is metastable, was determined.®434 


DIPOTASSIUM ENNEABORATE UNDECAHYDRATE, K,4B,g029,11H2O OR 
2K20,9B203,11H2,O 


The 2:9:11 compound is in equilibrium with solutions at temperatures from 
about 56° to 100°C in the K2z0—B2,0;—H20 system, and its isotherms and crystalliza- 
tion regions have been determined.®*°4 A large part of its region of crystallization 
is metastable.®*94 


Potassium Pentaborate Hydrates 
SOLUBILITY 


Solubilities in the system KB;Os-H20 summarized from _ several 
sources 30% 559, 562, 700, 8434, 1082 are presented in Table XV; where necessary, values 


Table XV.—Solubility of KB;Og in Water 
(Solubilities expressed as wt-°% of KB,Og) 


Tem- Solubility Solid phase Tem- Solubility Solid phase 
perature, perature, 
4 & i © 
—0-52 ned 3 902 a-KB;0,,4H.O and ice 150 43-4840 a-KB;0,,4H2O 
0 1-75 1082 1.558434 | ¢-KB,O,,4H2O 160 47-6840 Pe 
=) 1:77 700 ¥ 165 51-08*° (Transition) 
no) 2002052 - 190 53-082° KB;0.g,H2O 
9-3 230) a 212 Be hake “s 
16-0 2D phe 4 230 59-67" J 
18 254°) 2977S uy 247 61-884° * 
20 2: 770° 3 252 63-18*° * 
25 3-412559 "a 265 66:084° (Transition) 
30 3:80 70° 4-40 8434 ni 265 62-8840 KB,;0¢,0-5H2O0 
35 TSE Sas , 268 59-6840 A 
40 5220082 $ 279 $1:484° ce 
45 57.4.7 00 ‘. 285 46-2840 3 
50 615° -— “A 300 40-0840 rm 
56 8-30 8434 rs 
65 9752882 zs 0 200543"! *KB.Oe-2ttsO 
70:8 117362082 5 30 385844 iz 
80 14-56 1082 1 5.1840 - 46 5-70 8434 i. 
100 pA pio x 56 Te Se ee 
101 22 (8) ie 80 10-654" a 
130 35-6840 *) 100 25-25 0425. a 


have been recalculated to express all solubilities uniformly in wt-°% of KB;Osg. 
Solubility values for the recently discovered tetrahydrate, K20,5B203,4H2O are 
included at the end of Table XV. Below 46°C, the solubility of the 1:5:8 compound 
is less than that of the 1:5:4 compound, indicating that the 1:5:8 compound is 
more stable than 1:5:4 below that temperature, whereas the 1:5:4 compound is 
the more stable above it.°*°“ In a study of the metastable solubility of the «-1:5:8 
compound above 100°C, another form (8) of the 1:5:8 compound was found to 
be more stable than the «-form between 149° and 168°C.12°°4 Both a- and B-forms 
are metastable with respect to the 1:5:4 compound in this region. A phase dia- 
gram of the KBs;0g—H20O system from 100° to 368°C has been published.!2°°4 The 
presence of sufficient ammonium chloride decreases the solubility of the 1:5:8 
compound by 20—309%.3° 
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POTASSIUM PENTABORATE TETRAHYDRATE, KB;03,4H2O oR K2O,5B203,8H2O 


The a-1:5:8 compound is the best known hydrate of potassium pentaborate. 
It crystallizes in orthorhombic prisms °®??, with d 1-:74172) 182399) and Mohs hard- 
ness 24. X-Ray powder diffraction patterns have been published.?’? ®** Crystal 
structure studies 182: 782: 93°. 933 have shown that the borate ion structural unit con- 
sists of two perpendicular trimeric boron—oxygen rings sharing a common tetra- 
hedral boron atom. The other boron atoms are in trigonal coordination. The hydro- 
gen atoms have been located by neutron diffraction.*** The proton—proton dis- 
tances and the orientation of the water molecules in the crystal have been deter- 
mined.°*° N.m.r. studies have shown resonance from both trigonal and tetrahedral 
boron atoms.'?? N.m.r. data? 472782 and a proton magnetic resonance study””* 
agreed with the crystal structure. The infra-red absorption spectrum has been 
studied.+?99- 315 Elastic, piezoelectric, and dielectric coefficients have been pub- 
lished.18* The specific magnetic susceptibilities of the 1:5:8 compound, and products 
made by dehydration to two, one and zero molecules water content, have been 
found to be —0:500, —0-455, —0-423, and —0-394x10~-° c.g.s. units, respec- 
tively.©°? The heat capacity has been determined from 17-6 to 368°K and the entropy 
and other thermal functions tabulated from 0 to 373°K.7°° At 298-15°K the heat 
capacity is 330-48 J deg~! mole~! (KB;03,4H2O).?°° At about 5 kilobars there is a 
transition to a high-pressure form which has been characterized by powder X-ray 
diffraction.* Compressibility data have been reported for pressures up to 40,000 
kg cm~ 2.1204 


Dehydration 


Over sulphuric acid at room temperature, the 1:5:8 compound loses practically 
no water in 276 days.°°? At 210°C in an oven it loses 20-79°% in weight, and at 400°C 
it loses 25:73°%%, but some of this consists of volatilized boric acid.?*9 If the 1:5:8 
compound is heated at 20°C per h in contact with air which has been saturated with 
water at 20°C, dehydration begins at 120°C and six molecules of water are lost 
between 120° and 170°C; the last two molecules are gradually lost as the tempera- 
ture is increased to 450°C. If the atmosphere has been saturated with water at 90°C, 
however, dehydration does not begin until the temperature reaches 170°C, and the 
first six molecules of water are lost by about 200°C. The weight loss then remains 
almost constant until further loss of weight begins at 260°C.°°° This plateau is dis- 
placed because of loss of some boric oxide volatilization. The anhydrous salt (d 
1:92) takes up moisture readily from air saturated at 22°C to form the original 
8-hydrate.2°° © 

In a current of nitrogen having a partial pressure of water vapour of 14 mm of 
mercury, slow dehydration began at 107°C. At 150°C, in several hours, 70 to 73% 
of the water content was lost. At 170°, 75°% was lost, and at 190°C, 87°%; complete 
dehydration was reached at 250°C.°°° By plotting the temperature of the beginning 
of dehydration against the partial pressure of water vapour, the heat of dehydration 
was calculated to be 26:5 kcal mole~? between 106-5° and 134°C.°° 

A thermogravimetric curve showed a rapid loss of about seven molecules of 
water between 130° and 260°C and loss of the last molecule at temperatures up to 
400°C.®!1 Thermogravimetric curves have been determined for samples of the 
1:5:8 compound crystallized at different temperatures. After crystallization at a 
low temperature, the dehydration curve is smooth, but after the sample has been 
crystallized at 100°C, the af transformation takes place, and there are irregulari- 
ties in the curve.1?°°4 When heated in vacuo, the 1:5:8 compound is stable up to 
105°C, where six molecules of water are lost. The last two molecules are lost gradu- 
ally at higher temperatures.°°’ 


POTASSIUM PENTABORATE DIHYDRATE, KB;03,2H2O oR K20,5B203,4H2O 


The 1:5:4 compound was first crystallized from aqueous solution in 1969. Its 
X-ray diffraction pattern has been published.12°°4 The 80°, 56°, 30° and O°C 
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isotherms and the large stability region of this compound have been determined in the 
K20-B20;-H20 system. The 0° and 30°C isotherms and part of the 56°C isotherm 
are metastable.®°*°4 The solubility-temperature curve (values given in Table XV), 
indicates that the 1:5:4 compound is stable in contact with its own solution above 
46°C.°#84 Crystals having the 1:5:4 composition, prepared from trimethylborate 
and potassium alkoxide in an organic solvent, are very hygroscopic and are shown 
by n.m.r. to contain water only in the form of OH groups.°?! 

A thermogravimetric curve has plateaux at water contents of two and one mole- 
cule,.12004 


POTASSIUM PENTABORATE MONOHYDRATE, KB;03,H2O OR K2O,5B203,2H2O 


The X-ray diffraction pattern of the 1:5:2 compound has been published.12°°4 
Heating curves and solubility studies under pressure indicate that the 1:5:2 com- 
pound is in equilibrium with its solution between 165° and 265°C.®*° Its solubility 
is recorded in Table XV. In an atmosphere saturated with water vapour at 90°C, 
a plateau appeared in the heating curve at the 1:5:2 composition.2°% 84° 


POTASSIUM PENTABORATE HEMIHYDRATE, KB;O03,4H20 oR K20,5B203,H20O 


The X-ray diffraction pattern of the 1:5:1 compound has been published.!20°4 
Heating curves and solubility studies under pressure indicate that the 1:5:1 com- 
pound is in equilibrium with its solution between 265° and 310°C ®*°, decomposing 
at 310°C to give the anhydrous salt. Solubility values are given in Table XV. This 
compound did not appear in thermogravimetric studies of the 1:5:8 compound. 


POTASSIUM (1:12) BORATE 5- OR 7-HYDRATE, K2Bo4037,5H2O oR 7H2O oR 
K,0,12B,.03,5H2O OR 7H2O 


A crystalline compound having the 1:12:5 or 1:12:7 composition has been made 
by adding water dropwise to trimethylborate and potassium alkoxide in an organic 
solvent. It is very hygroscopic. N.m.r. studies have shown that it contains water 
only in the form of hydroxyl groups.°??! 


Hydrated Double Borates of Potassium 


Brief reference is made below to double borates containing potassium, with 
calcium, strontium, barium, magnesium, zinc, cadmium or cobalt. 

Dipotassium calcium octaborate dodecahydrate, Kz0,CaO,4B203,12H.O, crystal- 
lized after a few hours in orthorhombic prisms (d25 1:8011°74 or 1:793729) from a 
solution of excess of potassium diborate and calcium chloride. Its method of prepara- 
tion and unit-cell data have been reported.’2° In water its solubility is 7-3 g1-1 at 
20°C.?8° Its indices of refraction have been determined.?®* When it is heated, exo- 
thermic effects occur, which are accompanied by an increase in electrical conduc- 
tivity. Two molecules of water are lost at 100-110°C, eight more at temperatures 
up to 200°C, and the remaining two at temperatures up to 620°C.°°? When the do- 
decahydrate is treated with water at 25°C, 2CaO,3B.03;,9H2O is formed.}2*! 
Infra-red spectra suggest the presence of the polyborate anion [B.,0;(OH),]?~, 
also found in borax.?844 

Dipotassium strontium octaborate 14-hydrate, K20,SrO,4B203,14H2O, d 1:936779 
has properties similar to those of the dipotassium calcium octaborate.!1°74 Its unit- 
cell data have been determined.72° 

Dipotassium barium octaborate 14-hydrate, Kz0,Ba0,4B203,14H.2O, orthorhombic, 
(d 2:04°°87, or 2:0277°), is metastable and decomposes slowly in water to give 
barium tetraborate. It loses ten molecules of water at temperatures below 65°C.°87 

Dipotassium magnesium hexaborate 15-hydrate, K2z0,MgO,3B203,15H2O (specific 
gravity 1:91), loses ten molecules of water at 40-60°C, two molecules more at 
60-100°C, and the last three molecules at 100—350°C. Its solubility in water is 
10 g1~+ at 5—6°C; in 3% boric acid at 10°C it is 40 g1~ 1.388 
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Kaliborite, K20,4Mg0O,12B203,15H2O, has a structure containing polyanions 
of the type [BgO,(OH);]*~ linked along the b-axis.1®? X-Ray patterns of various 
specimens have been published.°8® The infra-red absorption spectrum has been 
determined.®9° This mineral has also been named paternoite, but the name kaliborite 
has priority.°°®° 

Potassium zinc pentaborate pentahydrate, KZnB;09,5H20 or K20,2Zn0O,5B2Os3,- 
10H20, d 2°31, is a white amorphous powder which hydrolyzes slowly °°; it has 
been studied by DTA.®°? Between 65° and 75°C 40°% of its water is lost; 40°% more 
is lost between 130° and 150°C, and the remainder is lost at temperatures up to 
350°C, 11074 

Dipotassium cadmium dodecaborate decahydrate, K20,CdO,6B203,10H2O, tri- 
clinic, d 2:13, when heated begins to lose water at about 70°C and is completely 
dehydrated at 300°C. Its unit-cell dimensions have been determined.®® 

Dipotassium cobalt dodecaborate undecahydrate, K20,CoO,6B203,11H2O, d 2:1, 
forms pink crystals. The structure has been determined.’’?4 It is stable in air up 
to 50°C, and loses nine molecules of water in three steps between 50° and 200°C. 
The last two molecules are lost at 200°-350°C. The crystals hydrolyze in water. In 
3°% boric acid solution, the solubility is 7 g 1~+.98° 


ANHYDROUS POTASSIUM BORATES 
Phase Equilibria in the System K,O-B.O, 


Phase equilibrium studies by thermal analysis of compositions between 40 and 
90 wt-°% B.O3°°7-® and between 81 and 96 wt-°% B.O3°*° have shown the existence 
of compounds with K,0:B.203 molar ratios of 1:1, 1:2, 1:3, 1:4, 1:5 (three forms) 
and 1:9. Eutectics have been found at 45-3, 37:5, 33-5 and 21-3 wt-°% K.O, melting 
at 787°, 770°, 825° and 780°C respectively. If the 1:3 compound does not crystal- 
lize, a metastable eutectic at 36:5 wt-°% K2O, m.p. 725°C, is also observed.®® In a 
visual-polythermal study, eutectics were observed at 24 and 40 mole-% B.Os3, with 
melting points 782° and 780°C.?21? 


Crystalline Anhydrous Potassium Borates 


POTASSIUM ORTHOBORATE OR TRIPOTASSIUM BORATE, K3BO3 OR 3K20,B203 


Infra-red studies have been made®?’4’7444 on a compound said to be K3BOs, 
but this compound does not appear to have been reported elsewhere. 


POTASSIUM METABORATE, KBOz OR K2O,B203 


The 1:1 compound, rhombohedral, d 2:32°734, m.p. 950° ®9°, 947° (Mellor, V, 
77), 968° 17" or 940°C 5234, crystallizes in tables or prisms. Its X-ray diffraction pat- 
tern has been published.°?%4: °%4* It is isostructural with sodium metaborate.7°°4 
The borate ion in potassium metaborate consists of B302~ rings formed of trigonal 
BO 3 groups.’?°4- 931 A structure refinement indicated that in the potassium and 
sodium compound the bond strength in this ion does not have a simple relationship 
to the bond length.’%°4 The structure of potassium metaborate has been discussed 
in terms of the ‘structon’ theory.1?4” N.m.r. studies have been made’’? and cor- 
related with the coordination state of boron in the structure.'1° The infra-red ab- 
sorption spectrum ®?> °2%4, 899 shows some similarity to that of the isostructural 
sodium compound. The indices of refraction, determined by the immersion method, 
are N, 1-531 and N, 1:486.°?94 

Differential thermal analysis showed four endothermic effects, at 150°, 440°, 
780° and 940°C (m.p.).5294 

The crystals rapidly take up water and carbon dioxide from the air ®*°; reaction 
with moist air gives the composition K20,B203,2:67H20.*78 
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TETRAPOTASSIUM HEXABORATE, K4BgQ;; OR 2K20,3B203 


The 2:3 compound (incongruent melting-point 778°C) was reported in a visual- 
polythermal study of phase equilibria in the K2B,0;,-KBOz, system.®7® 


DIPOTASSIUM TETRABORATE, K2B,07 OR K20O,2B203 


The 1:2 compound, triclinic, congruent m.p. 815° °°, 780° to 800° 5234, 796°1212, or 
798 + 5°C8°, d (calc.) 2:53*°1, d (obs.) 2:17°7%4, is a stable phase in the system K,O- 
B.03.°° Its X-ray diffraction pattern®°* 294. 783.844 and its infra-red absorption 
spectrum®?4: 899 have been published. Unit-cell data*®+ and the crystal structure*?9 
have been determined. Indices of refraction have been determined to be Ng 1-522, 
N35 leh TEP ee 

The heat capacity, entropy, free-energy function, enthalpy and heat and free 
energy of formation of crystalline K2B,07 have been calculated?°®> from heat of 
solution data’°°® and enthalpy data7’®? and tabulated from 298 to 2000°K.!°85 The 
heat content of crystals in the KzO0—B,03 system at a given temperature reaches a 
minimum at 20 mole-°% K.0.7° 

Differential thermal analysis of the crystalline diborate shows endothermic effects 
at 160°, 390° and 780°C.°?°4 The amorphous compound has a strong exothermic 
peak at 510°C, attributed to crystallization.°?°4 

Dipotassium tetraborate is rather hygroscopic.*®! When heated at 400°C in a 
current of humid air, it loses boric oxide slowly.7°° Deposited on porcelain or 
alumina, it is a catalyst in the oxidation of methane to formaldehyde using air or 
oxygen containing ozone or nitric oxide.*?°*’ 1224 Reaction rates and explosion limits 
for the hydrogen—oxygen reaction are reproducible when the vessel is coated with 
dipotassium tetraborate or potassium metaborate.°°?4 The tetraborate is efficient 
in destroying chain carriers in this reaction.®°? Boron may be diffused into silicon 
by contacting the silicon with a suspension of dipotassium tetraborate in turpen- 
tine. 


POTASSIUM TRIBORATE, KB30; OR K20,3B203 


The 1:3 compound, triclinic, d (calc.) 2:264°!, d (obs.) 2:23 g cm~? 451, has an 
incongruent m.p. at 825°C.°°® It has been crystallized from a glass of the 1:4 com- 
position.*°* Its X-ray diffraction pattern has been tabulated and its unit-cell data 
have been reported.*°? 

The heat capacity, entropy, free-energy function, enthalpy, heat of formation 
and free energy of formation have been calculated and tabulated from 298 to 
2000°K *°°° from published heat of solution measurements in nitric acid75° and 
enthalpy determinations. 7°% 


DIPOTASSIUM OCTABORATE, K2Bg0i3 OR K20,4B,03 


The 1:4 compound has a congruent melting-point at 857°C.°° Its X-ray diffrac- 
tion pattern has been tabulated and its infra-red absorption spectrum has been 
published.*** Its heat capacity, entropy, free-energy function, heat content, heat of 
formation and free energy of formation have been calculated and extrapolated from 
published heat of solution measurements’®° and enthalpy determinations 7®°: 783 
and tabulated from 298 to 2000°K.1°®> The heat of fusion is 30-16 kcal mole~1.78° 
Heat content in the system K,0,4B,.0;-Na,0,4B.0; has been determined at 
25-1100°C. 78° 


POTASSIUM PENTABORATE, KB;Og OR K20,5B203 


The 1:5 compound exists in three forms.°°’ The a-form, orthorhombic, d (calc.) 
1-86%44 or 1:934°°4, d (obs.) 1:95 g cm~ #44, is stable from 720° to 780°C, its con- 
gruent melting point.°°’ It changes to the B-form when heated at temperatures below 
720°C. At 700° this change requires about 12h if seed is present but as long as a 
month without seed.°°7 When heated at temperatures below 690°C, the a-form 
changes to the y-form.°°’ X-Ray diffraction patterns®**, unit-cell data 44+ 4584, 
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and infra-red spectra*** of the a-form have been reported. Its structure*5®4 con- 
sists of two separate three-dimensional inter-penetrating networks, consisting of 
double-ring pentaborate groups like the boron—oxygen skeleton of the ion found in 
potassium pentaborate tetrahydrate, KB;03,4H2O.9°? These groups are joined to 
each other by sharing oxygen atoms. Groups sharing a common oxygen atom which 
is near a twofold screw-axis extend in opposite directions, resulting in less dense 
packing and a density lower than that of the 8-form. 

The $-form of the 1:5 compound, also orthorhombic*°®, d (calc.) 2:2445°, or 
2:29 4°84, d (obs.) 2:15 g cm~? 4°°, is stable between 500° and 720°C, and has been 
crystallized from melts containing as little as 59% of K20.°9” Its structure *°>-°, 
consists of two separate interlocking three-dimensional boron—oxygen networks, 
consisting of pentaborate groups like those of the a«-form, joined to each other by 
sharing oxygen atoms, to form helix chains connected to neighbouring chains. In 
the 8-form a twofold screw-axis runs near the centre of the pentaborate groups, lead- 
ing to denser packing and a density much higher than that of the «-form. The struc- 
ture has been discussed in terms of the ‘structon’ theory.124” The 8-form is iso- 
morphous with B-Rb20,5B203.42% 4°° °°4 Its X-ray diffraction pattern ®** and infra- 
red absorption spectrum *** have been published. Its thermal analysis curve shows a 
horizontal portion at 760°C, attributed to metastable incongruent melting to form 
the 1:4 compound and a liquid.®9” 

The y-form, monoclinic**? ®*°, d (calc.) 2:20*°', is the form usually produced 
when the amorphous product of dehydration of the octahydrate at 280°C is heated 
at 600°C in the absence of seed for two days.®®” Its unit-cell data have been re- 
ported.*°! It appears to be metastable at all temperatures.®°”’°*° The metastable 
transition from y- to B-form takes place at 690 + 7°C °°’; the y-form changes to the 
a-form above that temperature. 

The infra-red absorption spectrum of an unspecified form of the 1:5 compound 
has been published.®°° It indicates the presence of boron atoms in both three- and 
four-coordination and is similar to the spectra of LizgO,5B2.03 and Rb20,5B203.°9° 
The specific magnetic susceptibility of potassium pentaborate dehydrated at above 
200°C was determined to be —0-394x 10~° c.g.s. units.°°? 


POTASSIUM ENNEABORATE, KBygQ,4 OR K2O,9B203 


Since the 1:9 compound crystallizes very slowly at 440°C, some seeds of cesium 
enneaborate, CsB,O,4, were placed on the surface of potassium enneaborate glass 
to promote crystallization, and the glass was then heated for six weeks at 440°C 
to crystallize potassium enneaborate. Cesium enneaborate promotes crystalliza- 
tion of the potassium compound, even though the X-ray diffraction patterns of 
KB ,O,,°** and CsByQ,,4 are not similar.°*° The heating curve of KB,O,,4 has been 
interpreted to indicate a decomposition of the 1:9 compound at 560°C to give 
B-KB;O, and a liquid containing 98-4 wt-°% of boric oxide.®*° The heat content and 
entropy have been tabulated from 100° to 1100°C for KB,O,,4 glass, and from 100° 
to 700°C after devitrifying for 72 h at 600°C.78° 


Chemical Reactions of the Anhydrous Potassium Borates 


Anhydrous or hydrated alkali-metal borates react with methanol to give methoxy- 
borates. X-Ray patterns of KB(OCH3)4 and KB(OCHs)4,1-‘SCH3;0H have been 
reported.*°* 

K,0,2B2,03 and K,0,5B203 have been reported to react with liquid sulphur 
trioxide to give K20,2B203,9SO3 and K2,0,5B203,16SOz3 respectively.*2° Later work 
indicated that a mixture of B203,SO3, K2B,02(SO.)5 and K2B,0(SO,)3 were formed 
instead .43°4 

A study has been made of the distribution of boron in silicon produced by con- 
tacting single crystals of silicon with a suspension of K2B,O7 in turpentine.°®® 

Other reactions of the anhydrous potassium borates are referred to in the section 
on phase equilibria of the anhydrous borate systems, pp. 456-72. 
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HYDRATED RUBIDIUM BORATES 
Phase Equilibria in the System Rb2.O-B,.O0;—-H,O 


The 18°, 80° and 100°C isotherms in the Rb,O-B,0;-H2O system have been 
determined 7°°4 84° 1204, except for the region having a very high alkali-metal oxide 
concentration. The 18° isotherm of the 1:1:2:5 compound as determined in the 
earlier work ’°°4 appears to be somewhat high; this has been attributed to the pres- 
ence of carbon dioxide. At 18°C, the solid rubidium borate phases were com- 
pounds with the Rb2O-B,0;—-H.2O molar proportions 1:1:8, 1:1:2:5 (or 1:1:2°67), 
1°2:5,Vand 'e-17'5: 8.949 At 80°C the: ['122-5°(or'1:1%2°67)) 122592 €: 225 2526, 
and «-1:5:8 compounds are in equilibrium with solutions.®4° At 100°C also, the 
2:5:6 and a-1:5:8 compounds can exist in equilibrium with solutions, but if the 
1:5:4 compound is used as a starting material, the 8-1:5:8, 1:5:4 and 2:5:5 
compounds are formed instead.!2°+ 


Tetrarubidium Diborate Hydrates, Rb,.B.0;,nH.2O or 2Rb20,B.03;,nH.O 


By analogy with the tetrapotassium diborates, a 2:1:n compound might be 
expected in the very alkaline region of the Rb,0—-B20;—H2O system, at temperatures 
above 100°C; however, no information on such a compound exists because this 
region has not been investigated.°*° 


Rubidium Metaborate Hydrates 
SOLUBILITY 


Solubilities in the system RbBO.—H2O have been determined ®?° and are listed 
in Table XVI. 


Table XVI.—Solubility of Rubidium Metaborate in Water®*° 


Temperature, °C Solubility, Solid phase data 
wt-% RbBO, 
—19 35 (estimated) Ice and RbBO2,4H2O 
— 13-6 37-6 
0 44-4 
10 50-2 RbBO2,4H2O 
18 57-45 
20 61-5 Transition 
30 62:1 
56 . 63-6 \ RbBOz,1-25 or 1-33H20 
80 66-7 


RUBIDIUM METABORATE TETRAHYDRATE, RbBO2,4H2O0 or Rb2O,B.03,8H20 


The 1:1:8 compound crystallizes in orthorhombic prisms from its highly con- 
centrated solutions at about —10°C**” and has also been crystallized at room 
temperature by using seed crystals prepared at — 80°C.®*° It did not appear in early 
work 7°°4, as it apparently does not crystallize at room temperature unless seed is 
present.®*° Solubility and heating-curve studies, however, have shown that it is the 
stable phase in contact with its solutions from —19° to +20°C.®4° Other authors 
reported that the crystals melt in their own water of crystallization at about 15°C.477 


RUBIDIUM METABORATE 14- OR 14-HYDRATE, RbBOz,14 or 14H2O 


The 1:1:2°5 compound °° 844, orthorhombic, d (X-ray) 2:97 g ml~+ 947 may 
actually be the 1:1:2% compound.*’” °47 One analysis gave the 1:1:3 composi- 
tion.?*° It is stable in contact with its solution from 20° to 190°C, where it decom- 
poses to form the 1:1:0°5 (or 1:1:0°67) compound and a liquid containing about 
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79 wt-% of RbBOz, according to heating-curve studies under pressure.®*° Its X-ray 
powder diffraction pattern has been published.°** The approximate unit-cell para- 
meters and the space-group have been reported.°*” This compound is isomorphous 
with the analogous potassium compound and forms solid solutions with it.*”” The 
infra-red spectrum indicates the presence of molecular water.*”” 

Analysis of finely powdered crystals, dried over solid potassium hydroxide and 
phosphorus pentoxide to constant weight, gave the composition RbBOz2,1:33H20.*"" 
When heated slowly, this material lost one molecule of water between 110° and 
135°C, or between 130° and 145°C, depending on the particle size. The same water 
loss occurred when the crystals were heated at a constant temperature of 130°C 
for 9-10 h.*”” In another thermogravimetric study one molecule of water was given 
off between 140° and 195°C. The remaining water was largely lost between 217° 
and 250°C ®*°, and at 400°C the product was completely dehydrated. No amor- 
phous stages appeared during the dehydration.*’? Another thermogravimetric curve 
has been published, indicating the loss of + molecule of water below 210°C and 
substantially complete dehydration at 309°C.°47 DTA and DTGA curves show 
an endothermic effect with a maximum at about 240°C.°47 


RUBIDIUM METABORATE MONOHYDRATE, RbBO2z,H20 or Rb2O,B203,2H20 


Experiments on the dehydration of products made by partially hydrating Rb2O,- 
2B.03 with water vapour have been interpreted to indicate the possible existence of 
the 1:1:2 compound; however, X-ray diffraction patterns showed only a direct 
change from anhydrous Rb2O,B203 to Rb2O,B203,2%H2O during the hydration.*”” 


RUBIDIUM METABORATE 4- OR 4$-HYDRATE, RbBOz,+ oR 4H2O 


There is good evidence both for the 1:1:0-5%4° 844 and the 1:1:0°67477> 479, 
composition. The X-ray diffraction pattern has been tabulated ®** and given as a 
diagram*"’, indicating that this compound is isomorphous with the analogous 
potassium compound, with which it forms solid solutions.*’” The infra-red spectrum 
indicates the absence of molecular water.*7” 

Heating curves under pressure have indicated that this compound is in equili- . 
brium with its solution from 190° to 220°C ®*°, and that above 220°C the anhydrous 
salt is formed.®*° 

The 1:1:0:67 compound, formed by slow heating of the 1:1:2°67 compound, 
became anhydrous between 160° and 175°C or between 170° and 200°C*7", depend- 
ing on the particle size; in another study, it lost its water principally between 217° 
anu 250°C. 


Dirubidium Tetraborate Hydrates 


DIRUBIDIUM TETRABORATE PENTAHYDRATE, Rb2B,07,5H2O oR Rb2O,2B203,5H20 


The 1:2:5 compound is a stable phase in equilibrium with its solution from room 
temperature up to 104°C.249 84° 844 Its X-ray diffraction pattern®** indicates that 
it is isomorphous with the analogous cesium compound, but not with dipotassium 
tetraborate tetrahydrate, K.0,2B.03,4H.2O. The solubility is 19-4 wt-°%% Rb.O,- 
2B,03 at 18°C 7°S4 and 60:1 wt-°% Rb.O,2B.03 at 80°C.°*° Heating curves under 
pressure indicate a change to the 1:2:3 compound at 104°C, to the 1:2:2 compound 
at 172°C, to the 1:2:1 compound at 244°C and to anhydrous Rb2O0,2B.03 at 
320°C ®*° in contact with RbzO,2B20; solution. A thermogravimetric curve of the 
5-hydrate, carried out in air saturated at 90°C with water vapour, showed a loss 
of two molecules of water between 72° and 115°C, one between 145° and 190°C, 
one more between 245° and 315°C, and the last between 345° and 480°C.®*° There 
were plateaux at 115-145°, 190—-245°, and 315-345°C, corresponding to the forma- 
tion of the 1:2:3, 1:2:2, and 1:2:1 compounds, respectively.°*° A thermogravi- 
metric study carried out in air saturated at 25°C with water vapour, showed only a 
single plateau between 118° and 150°C, corresponding to the formation of Rb2O,- 
2B.03,3H2O.®*° Jn vacuo all five molecules of water were lost between 35° and 
200°C. 95 . 
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DIRUBIDIUM TETRABORATE TRIHYDRATE, Rb2B,07,3H2O or Rb2.O,2B,03,3H20 


The 1:2:3 compound is not hygroscopic, and may be kept at ordinary tempera- 
tures. Its X-ray diffraction pattern has been reported.®** Its isotherm at 80°C ®4° 
indicates that its solubility is incongruent at that temperature. Heating curves under 
pressure have indicated that it is in equilibrium with its own solution between 104° 
atid F72°Cr"*e 


DIRUBIDIUM TETRABORATE DIHYDRATE, Rb2B.z07,2H2O or Rb2O,2B203,2H2O 


The 1:2:2 compound, according to a study of heating curves under pressure, is 
in equilibrium with its solution from 172° to 244°C, where it decomposes to form 
the 1:2:1 compound in contact with its solution.®*° It also appeared in a thermo- 
gravimetric study of the 1:2:5 compound in air saturated with water vapour at 
90°C. Under these conditions it was formed between 190° and 245°C.®*° Its X-ray 
diffraction pattern has been tabulated.®*4 


DIRUBIDIUM TETRABORATE MONOHYDRATE, Rb2B,O7,H20 oR Rb2O,2B203,H20 


Heating curves under pressure ®*° ®** indicate that the 1:2:1 compound is in 
equilibrium with its solutions from 244° to 320°C. Under these conditions it. de- 
composes at 320°C to form anhydrous Rb20,2B.03 in contact with its saturated 
solution. In a thermogravimetric study of the 1:2:5 compound in air saturated with 
water vapour at 90°C, the 1:2:1 compound was present from 315° to 345°C.84° 


Tetrarubidium Decaborate Hydrates 


TETRARUBIDIUM DECABORATE PENTAHYDRATE, Rb4Bi9017,5H2O oR 2Rb20,5B203,5H2O 


The 2:5:5 compound was formed in a study of the 100°C isotherm of the 
Rb2O-B20;—H20O system when the 1:5:4 compound was used as a starting material. 
Its thermogravimetric analysis gave plateaux at the 1:5:3 and 1:5:1 composi- 
TIONS. 


TETRARUBIDIUM DECABORATE HEXAHYDRATE, Rb4B10017,6H2O oR 2Rb20,5B.03,6H2O 


The 2:5:6 compound appeared in a study of the solubility isotherms in the sys- 
tem Rb2O-B,0;—H20 at 80°C. Its X-ray diffraction pattern®** does not resemble 
those of 2Na20,5B203,7H20 or 2K20,5B203,5H20.**° Its congruent solubility at 
80°C is 58:4 wt-%% 2Rb20,5B203.8*° 

A thermogravimetric curve, beginning with wet crystals or with crystals dried at 
80°C, showed that from 98° to 155°C the water content remained constant at the 
hexahydrate composition. Between 155° and 200°C, three molecules of water were 
lost; between 214° and 240°C, one more was given off and between 255° and 450°C, 
the remaining water was lost.®*° There were small plateaux at 200-214°C at the 
2:5:3 composition, and at 240°-255°C at the 2:5:2 composition. The only similarity 
with the thermogravimetric curve of Auger’s potassium borate, 2K,0,5B203,5H2O, 
was the small plateau at the 2:5:3 composition. In a later study there were plateaux 
at the 2:5:3 and 2:5:1 compositions but not at 2:5:2.12% 


Rubidium Pentaborate Hydrates 


The «-1:5:8 compound, orthorhombic®®’, has an X-ray pattern®** analogous to 
that of the corresponding potassium salt, indicating that these two salts are iso- 
morphous. One preparation had a composition between 1:5:7 and 1:5:8.249 Heat- 
ing curves under pressure have indicated that the 1:5:8 compound is converted 
into the 1:5:2 compound and a solution of about 55 wt-°% Rb2O,5B.03 at about 
166°C. Further heating under pressure forms the 1:5:1 compound at 262°C and 
the anhydrous pentaborate at 327°C in contact with saturated solutions.®4° The 
X-ray diffraction patterns of the 1:5:2 and 1:5:4 compounds have been reported.®44 

Solubility values for the pentaborate have been determined7°° and are listed in 
Table XVII. The boiling point of a saturated solution is 102°17°.7°° 
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Table XVII.—Solubility of RbB;Og in Water”°° 


(Solubilities are expressed as wt-°%% of RbB;O,; 
the solid phase is «-RbB;0.,4H2O) 


Temperature, °C Solubility | Temperature, °C Solubility 
—0-43* 1:57 45 5°75 


0-2 1:58 60 8°69 

5 ea 4 70°4 tit 
13-4 22h 82:4 15:2 
18 Chee 88:15 BF 
30 3°58 102 YB fs) 


* Cryohydric point 


In thermogravimetric studies, dehydration of the a«-1:5:8 compound was con- 
tinuous without slowing at definite stages ®*°, but the B-1:5:8 compound gave large 
variations in the rate of dehydration.17°* The 1:5:4 compound gave plateaux 
corresponding to the 1:5:4, 1:5:2 and 1:5:1 compounds.’7°* When heated in 
vacuo, the a-1:5:8 compound is stable up to 80°C, but there is a rapid loss of six 
molecules of water beginning at 100°C, and the last two molecules are lost between 
120% and 320°C.2"" 


Hydrated Double Borates of Rubidium 


Dirubidium calcium octaborate dodecahydrate, Rb2O,CaO,4B203,12H2O, and 
dirubidium strontium octaborate dodecahydrate, Rb20,SrO,4B203,12H2O have been 
prepared, and their densities, X-ray diffraction, DTA, and optical properties have 
been studied.?8* Differential thermal analysis of the calcium compound showed that 
exothermic effects are accompanied by an increase in electrical conductivity. Two 
molecules of water were lost at 100—110°C, eight more up to 200°C, and the re- 
maining two between 200° and 620°C.°° 


ANHYDROUS RUBIDIUM BORATES 
Phase Equilibria in the System Rb,O-B.O3 


A study of the Rb2,O-B.O3 system from 27:1 to 90 wt-°% B2O3, by means of 
heating curves, has indicated that compounds are formed with Rb2,O:B203 molar 
ratios 1:1 (two forms), 1:2, 1:3, 1:4, 1:5 (two forms), and 1:9.°°* 42° There are 
eutectics at 40°% B.2O3 (720°); 47:3°% B2O3 (710°); 579% B2O3 (707°C); and a meta- 
stable eutectic at 57:5°% B2Oz (700°C).®°* Rb,O-B.O3 glasses containing more than 
75°% of B2Oz crystallize slowly and require reheating for about a week for complete 
crystallization.®°* Another study, regarded by the authors as a first approximation 
because of hygroscopicity and volatility, gave somewhat different melting points 
and provided optical and morphological characteristics of the phases.?** 


Crystalline Anhydrous Rubidium Borates 


RUBIDIUM METABORATE, RbBOz2g OR Rb2O,B203 

The 1:1 compound crystallizes easily in long needles which become yellow at 
elevated temperatures. It exists in two forms. The X-ray diffraction powder pattern 
of the B-form has been tabulated, and indicates that the structure is rhombohedral 
and analogous to that of potassium metaborate.®** Other patterns have been pub- 
lished.21%»47” The B-form is stable below 695°C; as shown by heating curves and 
DTA, it changes reversibly at that temperature to the «-form.*?° °°* The a-form 
melts congruently at 860°C. It could not be cooled to room temperature without 
changing to the B-form, even by rapid quenching.**° #2? Heat-capacity values from 
12:8 to 313K have been experimentally determined and other thermodynamic 
properties at 298-15 K have been calculated.'°"? 
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DIRUBIDIUM TETRABORATE, Rb2B,O7 OR Rb2O,2B203 


The 1:2 compound, crystallizing in aggregates of fine needles, melts congruently 
at 725°C®* or 713 +5°C.®°4 It has also been reported to crystallize as prismatic 
plates, m.p. 720°C.?!° Its X-ray diffraction pattern °°“: ®44 resembles that of K2O,- 
2B203 °**, which is triclinic. Another published pattern, not in good agreement?! 
may have been affected by volatility or water absorption from the air. The crystals 
are colourless when cold but yellow at high temperatures.°®** 


TETRARUBIDIUM DECABORATE, Rb4Bi9017 OR 2Rb20,5B203 


The 2:5 compound is formed by heating the hexahydrate above 450°C 44, but it 
did not appear in studies of phase equilibria.21* 42? Its X-ray diffraction pattern 
has been tabulated.°** 


RUBIDIUM TRIBORATE, RbB3O;5 OR Rb2O,3B203 


The 1:3 compound, m.p. 750°C ®%* or 760°C 2?%, is obtained in fine grains by re- 
heating the glass for two or three days at 650°C. It has an X-ray diffraction pat- 
tern *?? resembling that of KB3;0s5, which is triclinic.45+ An orthorhombic structure 
has also been proposed.?!? Another X-ray powder pattern, not in agreement ??°, 
may have been affected by volatility or water absorbed from the air. Refractive 
indices have been determined as N, 1:548, N, 1:508, 2V> 65°.2% 


DIRUBIDIUM OCTABORATE, Rb2BgQi3 OR Rb2O,4B.203 


The 1:4 compound crystallizes with difficulty, forming polyhedral crystals +2? 
or plates.21° It melts incongruently at 735°C*?° to give a-Rb20,5B.O3 and a solu- 
tion containing 59 wt-% of boric oxide.*?° #22: ®°* Another m.p. given is 750°C.?1% 
X-Ray diffraction patterns have been tabulated 2!*: 422, which agree in some of the 
principal lines. Comparison of the pattern with that of the analogous potassium 
compound did not establish whether the two structures are similar.*? 


RUBIDIUM PENTABORATE, RbB;Og OR Rb2O0,5B203 


Like potassium pentaborate, rubidium pentaborate exists in three crystalline 
forms, one of which is metastable. Dehydration of the tetrahydrate at 350°C gives 
an amorphous product. Differential thermal analysis of this product gives an exo- 
thermic effect at 380°C, due to crystallization of the y-form, which appears to be 
metastable at all temperatures.*?° The X-ray diffraction patterns of the y-form*? 
and of a product crystallized at 425°C 1%, probably also the y-form, have been 
tabulated. Because of the possibility of moisture absorption, data in the latter 
work 213 are regarded as approximate. A monoclinic structure has been suggested.?1° 
At about 500°C 42°, 570°C 422, or 600°C ®* an irreversible change of the y-form to 
the stable orthorhombic 8-form??* occurs. 

The 8-form is isomorphous with B-KB;Og3.*2° 4°® °4 Its X-ray diffraction pattern 
(samples crystallized between 600° and 660°C ®** and at 660°C ?!%) has been tabu- 
lated. Its structure, like that of B-KB;Og, consists of two separate interlocking boron- 
oxygen networks comprising pentaborate groups joined to each other by sharing 
oxygen atoms to form helix chains, which are interconnected with neighbouring 
chains.*°® The pentaborate groups each consist of two perpendicular six-membered 
boron—oxygen rings sharing a tetrahedral boron atom.°?? The structure has been 
discussed in terms of the ‘structon’ theory.1?4” The infra-red spectra of B-RbB;Og 
and B-KB;O, are closely similar.°°° 

When the f-form is heated, it changes reversibly at 633°C to the a-form, m.p. 
775°C ®%* or 785°C.21% The «-form changed to other forms when cooled, even when 
quenched in liquid air.42°: 422 Samples heated several days at 400-700°C gave X-ray 
diffraction patterns of the B- and y-forms.*?° 


RUBIDIUM ENNEABORATE, RbBgQ,4 OR Rb2O,9B203 


The 1:9 compound is stable below 572°C.*?° In heating-curve studies under 
pressure, it decomposed at that temperature to give B-Rb2O,5B2O3 and a liquid 
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containing 89-5 wt-°% of boric oxide.*2° The X-ray diffraction pattern of the 1:9 
compound has been reported.*?? In another investigation a different pattern was 
obtained which may have been affected by moisture.2!° The crystal system was said 
to be orthorhombic.*1° The refractive indices were N, 1-557 and N, 1:481.21% 


HYDRATED CASIUM BORATES 
Phase Equilibria in the System Cs,.O-B,0;—H2O 


Solubility isotherms in the Cs,O-B2,03;-H2O have been determined at — 2°, 0°, 
wooo ang cu. 100 and foc The following Cs,0 : B303 :- 
H2O compounds are in equilibrium with solutions: 1:1:8 (two forms), 1:1:2, 
1:2:5, 1:2:2, 2:5:7, and a-1:5:8. If the 1:5:4 compound is used as a starting 
material, the compounds f-1:5:8, 1:5:4, and 1:5:3 are formed rather than the 
o-1:5:8 compound.?°* The 3:5:6, 1:3:4, 1:4:5, 1:5:4, and 1:12:11 compounds 
have been prepared by hydrolysis of trimethyl borate.+?3” 


Cesium Metaborate Hydrates 


SOLUBILITY 


Solubilities in the system Cs20,B2,0;-H2O have been determined?2° and are 
listed in Table XVIII. The «-1:1:8 compound melts incongruently at 83°C, and 


Table XVIII.—Solubilities in the System Cesium Metaborate—Water*?° 


Tempera- wt-% Solid phase Tem- | wt-% Solid phase 
ture, °C CsBO, pera- |CsBO.2 
ture, 
an& 

—2 9:55 47 47:90 | B-CsBO.,4H.O 
—4 14-0 lee 50 49-55 | a- and B-CsBO.,4H.O 
—5 17:5 56 51-00 
—6 21:0 64:5 | 54-45 

aes | 24-0 Eutectic, ice-B-CsBO.,4H.O ih Hie «-CsBO>,4H,O 
—5 24:60 80 62:7 

—2 26:10 83 71-00 

0 27:75 78 76:00 | a-CsBO.,4H.2O and CsBO.,H.O 

3-5 28:20 100 76:55 | CsBO,,H.O 
6 29-20 110 77:70 

10 31-0 B-CsBO2,4H.O 

15 33-4 

17:6 24:9 

20-6 36:2 

30 40:35 

35 42:35 


there is a eutectic, m.p. 78°C, at 76 wt-°% CsBOz. with solid phases a-CsBO2,4H2O 
and CsBO2,H2O 42° 422, 


CASIUM METABORATE TETRAHYDRATE, &- AND £-CsBO2,4H2O or Cs20,B203,8H20 


The 8-1: 1:8 compound, orthorhombic”, crystallizes in large rectangular flakes.*77 
It is the stable phase in contact with its solution from the cryohydric point, —7°C 
to 50°C, as indicated by solubility and thermal analysis.*2° Thermal-analysis studies 
have indicated that it changes reversibly to the «-1:1:8 compound at 50°C in the 
presence of its saturated solution, which contains 49-8 wt-°% of CsBO..*2° The 
a-1:1:8 compound melts congruently at 83°C. Two somewhat different X-ray diffrac- 
tion patterns of the B-1:1:8 compound have been reported.*22° 47” This compound 
was formerly regarded as the heptahydrate 249 79° 7°64, but more recent analyses 
of large crystals dried over saturated potassium hydroxide solution or washed 
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with acetone and ether showed it to be the octahydrate.*7” This composition was 
confirmed by thermal analysis.42° _ 

Crystals of the 6-1:1:8 compound effloresce in air. Over saturated potassium 
hydroxide solution, finely ground crystals reach a water content of 7-66 molecules 
in 20 days at room temperature.*”” Over phosphorus pentoxide or solid potassium 
hydroxide, the composition 1:1:2 is reached at room temperature in less than 100 
days.*”’ The same composition is reached by heating to 70°C at a rate of about 10° 
per hour. Further heating at this rate to about 120°C gave no further loss of water. 
The last two molecules were lost between 120° and 160°C.*’” Thermogravimetric 
analysis at 25°-SO° per hour, in a current of nitrogen free of carbon dioxide, gave 
a water loss of six molecules between 60° and 150°C, and a plateau at the 1:1:2 
composition between 150° and 240°C. The last two molecules of water are lost 
gradually at temperatures up to 350°C. 47° This behaviour suggests that six molecules 
of water exist as water molecules and two as hydroxyl groups; this conclusion is 
supported by infra-red studies.*”” 


CESIUM METABORATE MONOHYDRATE, CSBOz,H2O oR Cs20,B203,2H2O 


Thermal analysis under pressure and solubility determinations indicate that the 
1:1:2 compound is stable in contact with its saturated solution from 78° to about 
170°C, where it changes to an unidentified product.*2° Thus it may be crystallized 
by slowly evaporating a solution of the metaborate in an air stream free of carbon 
dioxide at 80°C, with seeding.*”” Two X-ray patterns, differing somewhat, have been 
published .4224”7 

When a sample of the 1:1:2 compound, which had been made by dehydration 
of the 1:1:8 compound over phosphorus pentoxide, was heated at 5°C per hour, 
half its water was lost rapidly at about 160°C. An X-ray diffraction photograph of 
the resulting 1:1:1 composition showed a characteristic pattern plus a dark back- 
ground indicating the presence of amorphous material. Above 300°C, another 30°% 
of the water was lost. Complete dehydration was not reached until melting occurred 
at about 700°C.*7" At 209-500°C (composition 1:1:1 to 1:1: 0-4) the principal lines 
of anhydrous cesium metaborate were present. When the resulting material was heated 
at 650°C for 12 h, some cesium oxide was lost, leaving an almost completely amorph- 
ous product with a Cse0:B.03 molar ratio of 0:74:1.47” If the 1:1:2 compound is 
heated rapidly to > 300°C, however, the water is completely lost without change in 
the Cs.0:B.Osz ratio.*7” 


Dicesium Tetraborate Hydrates 
SOLUBILITY 
Solubilities in the Cs.B,07-H2O system 42° are recorded in Table XIX. 


Table XI X.—Solubility of Dicesium Tetraborate in Water*?° 
(Solubilities expressed as wt-°% of Cs.B,0O-) 


Tempera- Solubility Solid phase Tempera-| Solubility Solid phase 
ture, °C ture, °C 

20 49-90 100 73-25 

30 52:70 106 75:70 Cs.B,07,5H2O 

47 SPITS 110 77:0 

56 60-40 Cs2B.07,5H20 111 78-0 (Transition) 

70 63-00 162 79-0 

80 67:57 204 82:0 \ ah te 


DICASIUM TETRABORATE PENTAHYDRATE, Cs2B,0O7,5H2O oR Cs20,2B203,5H2O 


The 1:2:5 compound, orthorhombic’°®, is isomorphous with the analogous 
rubidium compound.*”? Its X-ray diffraction pattern has been reported.*2? It exists 
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in equilibrium with solutions in the ternary system at temperatures as low as — 8:5°C, 
but its solubility is congruent only above 19°C.*?° Thermal-analysis studies under 
pressure have indicated that it decomposes at 111°C, in contact with its saturated 
solution (78 wt-°% Cs2B407), to form the dihydrate.*?2° 

In thermogravimetric studies at heating rates of 50°C per hour, the pentahydrate 
was stable at temperatures up to 105°C. Three molecules of water were lost between 
105° and 165°C. The composition remained constant at Cs,.B,07,2H2O between 
165° and 230°C. The last two molecules of water were lost between 230° and 400°C.#?° 
When heated in vacuo, the 1:2:5 compound was stable up to 70°C and then lost 
three molecules of water rapidly; the last two molecules were lost gradually as the 
temperature was increased to 400°C.?°" 


DICASIUM TETRABORATE DIHYDRATE, Cs2B.,07,2H2O or Cs20,2B203,2H2O 


The 1:2:2 compound is stable in equilibrium with liquids in the ternary system 
Cs2,O-B2,03—H20 at temperatures as low as 76°C *2°; but in contact with its own satur- 
ated solution under pressure, it is stable only between 111° and 230°C.422 Thermal- 
analysis studies under pressure have indicated that it is converted to the anhydrous 
salt at 230°C in contact with a saturated solution containing 82 wt-% of 
Cs20,2B203.*7° The X-ray diffraction pattern of the 1:2:2 compound has been 
tabulated.*?? In thermogravimetric studies, it was stable at temperatures up to 
230°C and lost its water between 230° and 400°C. 42° 


Tetracesium Decaborate Hydrates 


The 2:5:7 compound, Cs4Bi9017,7H2O (or 2Cs20,5B203,7H2O), is stable in 
contact with solutions in the Cs,0-B,0;—H2O system at temperatures as low as 
45°C, but its solubility is congruent only above about 78°C.*?° Its X-ray diffraction 
pattern has been tabulated.*?2 The solubility isotherms*2° indicate a congruent 
solubility of about 56% wt-°% of 2Cs20,5B203, at 80°C and about 59% at 100°C. 

A thermogravimetric curve*?° showed that the 2:5:7 compound is stable up to 
110°C. Between 110° and 150°C, four of the seven molecules of water were lost, 
and between 150° and 280°C, the composition remained constant at three molecules 
of water. Dehydration is practically complete at 500°C.4?° 


Cesium Pentaborate Hydrates 


SOLUBILITY 
Values in. the system CsB;0g—H2O” are listed in Table XX. 


Table X X.—Solubility of Cesium Pentaborate in Water? 42° 


(The solid phase throughout is CsB;0g,4H20O, —0-36°C being its eutectic with ice; 
solubilities are expressed as wt-°% CsB;Os) 


Temperature, °C Solubility Temperature, °C Solubility 

— 0:36 1:59 93 19-5 

5 1:68 93-6 19-75 
18 2°33 95 20:4 
30 3°52 99-1 22:3 
45 5°57 99-5 22:6 

60 8-31 101-65 23°45 
75 12:0 127 38* 
80 13-8 150 50* 
89-4 17°85 162 57% 


* Determined by thermal analysis under pressure *?° 
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CESIUM PENTABORATE TETRAHYDRATE AND MONOHYDRATE, CsB;02,4H20 AND H2O 
OR Cs20,5B203,8H20 AND 2H2O 

The a-1:5:8 compound, orthorhombic °°’, is stable in contact with its saturated 
solution from —0-36° (cryohydric point) to 162°C. It was formerly believed to be 
the 1:5:7 compound.?*9 Its X-ray diffraction pattern has been tabulated.*22 Thermal 
analysis studies under pressure have been interpreted to indicate that it decomposes 
at 162°C to form the 1:5:2 compound and a saturated solution containing 57 wt-% 
of CsB;Og.*7° In later work, it was converted into the 1:5:4 compound when 
heated in a sealed tube to 200°C.12°* In thermogravimetric studies, it dehydrated 
continuously without slowing at definite stages.12°* The dehydration rate became 
slower as the water content decreased below two molecules, and the anhydrous 
state was reached at about 450°C.°°” 42° The B-1:5:8 compound, however, shows 
variations in the rate of dehydration. The 1:5:4 compound shows plateaux at the 
1:35:34, 1:5:3, 1:5:2, and 1:5:1 compositions.12°* In vacuo six of the eight molecules 
of water were lost rapidly between 70° and 115°C, and the last two were lost gradu- 
ally between 115° and 400°C.°°” 


Hydrated Double Borates of Czsium 


Dicesium calcium octaborate dodecahydrate, Cs,0,CaO,4B.03,12H2O, and 
dicesium strontium octaborate dodecahydrate, Cs20,SrO,4B203,12H2O, have been 
prepared, and their densities, X-ray, DTA, and optical properties have been studied.?° 
When the calcium compound is heated, exothermic effects are accompanied by an 
increase in electrical conductivity. It loses two molecules of water at 100°-110°C, 
eight more at 200°C, and the last two between 200° and 620°C.°° 


ANHYDROUS CASIUM BORATES 
Phase Equilibrium in the System Cs.O-B.O, 

Studies of the Cs.O-B2O3 system from 20 to 80 wt-°% B2O3 by the heating-curve 
method showed that compounds with the Cs.0:B,O; molar ratios 1:1, 1:2, 1:3, 
1:4, 1:5 (three forms) and 1:9 (two forms) exist.418 42° 454 There are eutectics at 
29:9 wt-"% B2Os3 (622°C), 53-5°% (662°C), and 66:0% (591°C). If the 1:4 compound 
does not crystallize, a metastable eutectic occurs at 645°C, consisting of the 1:3 
and 1:5 compounds.*”° Mixtures rich in boric oxide are difficult to crystallize.+2° 


Crystalline Anhydrous Cesium Borates 
CESIUM METABORATE, CsBOz oR Cs20,B.03 


The 1:1 compound crystallizes readily in long needles, which change from white 
to yellow when heated and melt at 732°C*!® to form a red-brown liquid. Two 
different X-ray diffraction patterns have been tabulated 422:477, one of which??? 
indicated that the structure is simple cubic, with a= 6:82 A. 


DICASIUM TETRABORATE, Cs2B4,O7 OR Cs20,2B203 


The 1:2 compound crystallizes in tufts of long needles and changes from white 
to yellow when heated. At 691°C, it decomposes to form the triborate and a liquid 
containing 31:5 wt-9% of B2O3.*!® Its X-ray diffraction pattern has been reported.*?? 


CESIUM TRIBORATE, CsB305 OR Cs20,3B203 


The 1:3 compound, orthorhombic *!®: 42? 454, d (calc.) 3-39454, melts congruently 
at-842°C. Its X-ray diffraction pattern has been tabulated*2?, and its infra-red 
absorption spectrum reported.®°® The structure*®® is based on triborate groups, 
which are six-membered rings of alternate boron and oxygen atoms, one of the boron 
atoms of the ring having four-fold and the other two having three-fold coordination 
with oxygen. The oxygen atoms not in the rings are shared between the triborate 
groups to give a continuous three-dimensional network. The structure has been 
discussed in terms of the ‘structon’ theory.1247 
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DICASIUM OCTABORATE, Cs2BgQOi3 OR Cs20,4B203 


The 1:4 compound, pseudocubic with a= 5:74 A454, melts incongruently at 672°C 
with formation of the 1:3 compound and a liquid containing 50-4 wt-°% of B.Os;. 
It is birefringent.*°* Its X-ray diffraction pattern has been tabulated.*2? 


CASIUM PENTABORATES, «-, B-, AND y-CsBsOg OR Cs20,5B203 


Thermal analysis and X-ray diffraction patterns*?? have indicated that the 1:5 
compound exists in three different forms. The y-form, obtained by dehydration 
of the tetrahydrate at 400°C, changes to the B-form at 570°C.*?°: 42? The B-form 
changes to the monoclinic*** a-form at 640°C.4?°: 422 The density of the a-form is 
3-0, (obs.), 3-04 (calc.) and its unit-cell data have been determined.*** Its congruent 
melting point is 669°C.*2° A precipitate, made by mixing alcoholic solutions of 
cesium oxide and boric acid with five or more molecules of boric oxide per molecule 
of cesium oxide, has the 1:5 composition and appears to be amorphous.7°° 


CASIUM ENNEABORATES, &- AND f-CsBgO,4 OR Cs20,9B203 


' The 1:9 compound exists in two forms, of which the X-ray powder diffraction 
patterns have been tabulated.*2? The 8-form, monoclinic, m.p. 562°C, is metastable 
and occurs as a fine white powder. At some temperature between 510° and 570°C, 
it recrystallizes to the «-form.*°* Approximate unit-cell constants have been re- 
ported for the 8-form; its density is estimated to be about 2°6.*54 

The a-form, congruent m.p. 596°, d (obs.) 2°47, d (calc.) 2:51, pseudotetragonal *°”, 
is stable and occurs as small translucent polyhedra.*?° The structure of the a-form +5” 
is made up of two separate interpenetrating networks of boron and oxygen atoms. 

The networks consist of ‘boroxol’ groups and triborate groups in the ratio of 2:1, 
connected by shared oxygen atoms.*°’ The ‘boroxol’ group is a six-membered ring 
of alternate boron and oxygen. The triborate group is the same except that one 
of the boron atoms is tetrahedrally coordinated with oxygen.*°’ The structure has 
been discussed in terms of the ‘structon’ theory.!247 

The infra-red spectrum of the 1:9 compound has been published.®?9 


AQUEOUS SOLUTIONS OF ALKALI-METAL BORATES 


Physical Properties 
DISSOCIATION 
Monoborate Ion 


In aqueous solutions of alkali-metal metaborates, MBOzs, the borate exists as 
the monoborate ion, B(OH);, which is tetrahedral and monomeric. Cryoscopic 
studies of sodium metaborate in the eutectic of sodium sulphate decahydrate?® 
and in molten calcium chloride hexahydrate®!® and nuclear magnetic resonance 
studies°’°, show that sodium metaborate is a binary electrolyte. The freezing-point 
lowering in aqueous solutions containing up to 13°%% of NaBOz is similar to that 
of potassium bicarbonate, a binary electrolyte°®°, indicating that little, if any, polyion 
formation occurs in these solutions. The tetrahedral structure of the ion is indicated 
by studies of Raman and infra-red spectra. The number and positions of the Raman 
lines of 1ON potassium metaborate solution do not agree with the BO.~ or H2BO,- 
structures.729 The Raman spectrum is similar to that of NaBF, solutions and corres- 
ponds with the infra-red spectrum of teepleite, NaB(OH)s,NaCl which contains 
tetrahedral B(OH), ~ions?°"~°, thus confirming that the monoborate ion is tetrahedral.??° 


Polyborate Ions 


Boric acid in dilute solution is also monomeric. However, in mixtures of meta- 
borate and boric acid solutions, the ions are polymerized to a relatively large extent 
unless the solutions are very dilute. The polyions can be considered to be formed 
by elimination of water between boric acid molecules, B(OH)3, and the mono- 
borate ions, B(OH);. Evidence for polymerization can be found in data on the 
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solubility of the alkali-metal borates, heat of neutralization, distribution equilibria, 
freezing points, pH values, infra-red and Raman spectra, n.m.r., conductivity and 
ion-exchange studies 7%", as discussed in the following sections. Measurements of 
PH have indicated that polyboric acids depolymerize rapidly when the solution is 
diluted, the half-life being less than 10 s.29°4 Oxygen-isotope studies have indicated 
that the interchange of heavy oxygen between borax and water reaches equilibrium 
in less than a few minutes®?', or less than 4 h.°1° Boron exchange among ions is 
too rapid to be detected by nuclear magnetic resonance.**1’ 579 627 The rate con- 
stants for the formation of the [Bs;03(0H)4]~ ion from B(OH); and 2B(OH)3 and 
for the formation of [Bs0e(OH),4]~ from [B303(OH).4]~ and 2B(OH)s, have been 
evaluated from relaxation times measured by the temperature-jump method.’ 
The rate constants for the formation of boric acid and hydroxide from the meta- 
borate ion were evaluated by means of ultrasonic absorption measurements.°2° 


Evidence for Polyborate Ions from Solubility 


When borax is added to a saturated boric acid solution, or boric acid to a satur- 
ated borax solution, the solubility, measured by the percentage of boric oxide in solu- 
tion, increased (Fig. 1). This increase can be explained by formation of polyborate 
ions, which removes from the solution some of the boric acid molecules and borate 
ions which are in equilibrium with the solids, and thus allows more borax or boric 
acid to dissolve. The same behaviour occurs with the other alkali borates.°®? 

In solutions saturated with boric acid containing up to about 0:18 molecule of 
NazO per mole of Bz2Os, the pH is less than 7.864 The ratio of free monoborate ion 
concentration to free boric acid concentration must therefore be small, according 
to the equation [B(OH),4]~/[H3;BO3]=6 x 10~1°/[H*+]. The concentration of free 
boric acid in these solutions, except for activity considerations, should be equal to 
the solubility of boric acid in water. The amount of boric oxide present in excess 
of this amount should therefore exist in the form of polyborate ions. An early calcu- 
lation from the solubility of boric acid in borax solution showed that the polyborate 
ions in this region contained on the average four to five atoms of boron per univalent 
negative ion.?° More recent conductivity and freezing-point data3® ®°® indicate 
that the complex is probably pentaborate in solutions containing 3°% of boric acid. 
A review of work on the nature of the ions in borate solutions was made in 1962, 
and a mathematical study has been carried out which gives an approximate repre- 
sentation of the constitution of various idealized borate solutions at room tempera- 
ture’?®’, assuming that [Bs03(OH),]~ is the only polyion formed. 


THERMAL PROPERTIES 


The heat of neutralization of one mole of sodium hydroxide (dilution about 
300-400 moles of water per mole of alkali) with boric acid solution has been found 
to be, with one mole of boric acid, 10,010 g cal; with two moles of boric acid, 
11,100 g cal; four moles, 12,800 g cal; and with six moles of boric acid, 13,600 
g cal. This indicates that complex formation occurs and that it is an exothermic 
process.°° 

The specific heat of borax solutions decreases with increased concentration up 
to 20% Naz2B.4O, and increases between 24 and 29°.77 Experimental values are: 


NazB,0O-,, wt-% 
Specific heat, 
gcalg-1 


14:0 | 16:0 | 20-0 


29-0 
0-987 | 0-975 | 0-965 | 0-956 | 0-918 | 0-903 | 0-887 | 0-872 | 0-842 | 0-854 | 0-880 


Another study °*°, at 18-20°C, gave: 


Naz2B.407,10H20, g per 100 g H2O 1 2 3 4 4°5 
Specific heat, g cal g~! 0:992 0:984 0:976 0:966 
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The heat of formation of sodium metaborate dissolved in 300 moles of water was 
evaluated as — 241-1 kcal mole~ 1.1118 

From an experimental study of the volatility of borate from boric acid and 
potassium and lithium tetraborate solutions (molar ratio K,0/B2O; or LizO/B.O3 
approximately 0:5) at 100°-300°C, the stability constant of [B303(OH).]~ in this 
temperature range was evaluated. This permitted an estimation of the amount of 
boron in various species at these temperatures.!1®7 


DISTRIBUTION EQUILIBRIA WITH ALCOHOLS 


Since boric acid is soluble in amyl alcohol, but borate ions are not, it is possible 
to determine the concentration of free boric acid in borax solutions by distribution 
experiments. In 1-9, 3-8 and 7:85°% borax solutions the free boric acid concentration 
was 86:4, 58:7 and 32:2°%%, respectively, of what it would be if the borax were com- 
pletely dissociated to monoborate and free boric acid.°®” Distribution experiments 
using octyl alcohol with solutions having various ratios of Na2O/B2O; indicated 
that polyborate ions are formed.°® A solution of 9:5 g of borax per litre contains 
2°5 g of free boric acid, and a solution of 24-8 g of borax per litre, 3-4 g of free 
boric acid.”®” These amounts are respectively 72°%% and 42°% of the boric acid con- 
centrations which would be expected if no polyions were present. Distribution 
experiments with isoamyl alcohol indicated that in sodium metaborate, borax or 
sodium pentaborate solutions containing 0:07°% of boric oxide, only a small pro- 
portion of the borate ions are polyions.®°® The polyions were thought to be different 
when different cations were present.°°9 8°°: ®13 Studies have been made of the distri- 
bution of boric acid between octanol-1 and various NazO-B,0,—NaClO, solutions 
saturated with borax and K2O-B.0O3-KCI solutions saturated with potassium 
pentaborate, KB;03,4H.O.°° 


CRYOSCOPY 


Freezing points of lithium, sodium, and potassium metaborate solutions have 
indicated binary dissociation.®®° °°? Freezing points of tetraborate solutions 
(LizB:07, Naz2B,0O7 and K2B,07) have been interpreted as indicating a preponderant 
dissociation into BOz and free boric acid in dilute solutions, and probably the 
formation of B,0#?~ to a large extent in concentrated solutions.5®? Cryoscopic 
results on pentaborate solutions (LiBs;0g, NaBs;Og and KB;Og) have indicated almost 
complete dissociation of pentaborate into monoborate and free boric acid in very 
dilute solutions; in 0-3mM pentaborate solutions, the results suggest that about half 
of the borate present exists as monovalent pentaborate ions. Data on still more 
acidic solutions suggest a considerable dissociation of pentaborate at a B2O;/Na2O 
molar ratio of 14.5% 

Freezing points of borax solutions, extrapolated to infinite dilution, indicate 
three particles per sodium ion.??°: °°? In very dilute solutions borax must then be 
largely dissociated into monoborate ion and free unionized boric acid. In 3:8% 
borax solution, however, the freezing-point data indicate 1-9 particles per sodium 
ion, indicating polyion formation.?”®° At higher concentrations the freezing-point 
lowering of dipotassium tetraborate (K2B,O07) approaches that of sodium sulphate, 
potassium sulphate and potassium carbonate. At 0:5M K2B,O, the apparent number 
of particles per molecule is 2:19 compared with 2:25 for potassium sulphite, suggest- 
ing that the B,O7~ ion is present at this concentration.°°? Other cryoscopic studies 
with alkali-metal metaborates, tetraborates and pentaborates also indicate dissocia- 
tion to B(OH); and B(OH), in dilute solutions.?®° 

The freezing points of a series of solutions between B(OH)3 and B(OH); having 
the same total boron content have been determined.’®” The number of boron-con- 
taining particles per boron atom was one in boric acid solutions and in sodium meta- 
borate solutions, but was less in mixtures of the two. In solutions containing 9 g 
of boric oxide per litre, a minimum corresponding to 0:7 particle per atom of boron 
occurred at a molar ratio Na2O/B203=0:4. Polymerization therefore appears to be 
at a maximum at this molar ratio, which corresponds to the isohydric point (see 
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p. 414). In another study, which included freezing points, pH measurements, and 
distribution of boric acid between borate solutions and octyl alcohol, it was con- 
cluded that HBOz, BOz, B,O?~ and B;O; were present, and the proportions of 
each were calculated.°?? 

In fused hydrated sodium thiosulphate, cryoscopy studies indicated that the 
apparent molecular weight of disodium tetraborate was 140, rather than the formula 
weight, 201-27.111, Cryoscopic studies of sodium metaborate and borax in the 
eutectic of sodium sulphate decahydrate indicated that the metaborate formed one 
particle and borax formed four.??° The lowering of the melting point of CaCl2,6H2O 
by lithium metaborate indicated binary dissociation.®°'? Activity coefficients for 
disodium and dipotassium tetraborates and sodium metaborate were evaluated from 
the freezing points of their solutions.°°°* 


PH VALUES 


Since borax in dilute solution is largely dissociated into free boric acid molecules 
and an equal number of monoborate ions, it is an excellent buffer and a 0-01M 
solution (3°81 g Na2BsO7,10H2O per litre) has been recommended as a pH standard 
by the National Bureau of Standards.°?° The pH values of a 0-01m borax solution, 
assigned by the National Bureau of Standards are as follows**? 19784; 


Temperature, °C 
pH 


> 10 1) 20 30 35 40 
pF i A ie: 2° lh amg 44 9:14 | 9:10 | 9:07 
50 55 60 70 90 95 
9-01 | 8:99 | 8-96 | 8-93 8°85 | 8-83 


Temperature, °C 
pH 


Precise values have been determined with cells with liquid junctions using hydrogen 
and saturated calomel electrodes, for freshly prepared borax solutions, as fol- 
1OWS 


Temperature, °C 0 10 40. 50 60 
0-01M Borax 9-454 | 9-330 9-076 | 9-020 | 8-975 
0-05mM Borax 9-479 | 9-347 9-056 | 8-994 | 8-943 


There was a decrease of 0-001 to 0-002 pH unit when these borax solutions were 
allowed to stand for several hours.118°4 The pH of the 0-01M solution is decreased 
by 0-001 unit when 0:2°%% of carbon dioxide is absorbed.}°’8“ pH values have been 
measured at 30°C and 60°C in the aqueous systems NaOQH-—H2BO3, Na2B,4O7—- 
H3BOs, Na3PO,—H3BO3, NazHPO.—H3BOs3, NazCO;—H3BOs, Na2B4O7,-NaHCOs, ; 
NazB4O7—Na2CO3, Na2zBsO7-NazHPO., Na2-B.zO7—-Na3PO,.*°? The values for the 
first two systems are given in Tables XXI and XXII. Essentially the same results 
were obtained in borax and in sodium metaborate solutions, 0-05—0:15N, by other 
investigators.°*8 

The composition of borax—hydrochloric acid solutions giving pH values from 
8-0 to 9-1, and borax-sodium hydroxide solutions giving pH values from 9-2 to 
10-8, at 0-1 intervals, have been published, with information on the effect of tempera- 
ture change, alkali addition and dilution on the pH value.®’ Air-stable standards 
covering the range of pH from 7:8 to 11:65 are prepared by aeration of 0-05M- 
H3BO;—0:05M-HCI-NaOH solutions for 2 to 6 days. Stable buffers more alkaline 
than pH 9-4 cannot be prepared.?*° 

In other work, the pH of sodium borate solutions was determined at 20°C at 
0-01—0-1M-H3BO3 and 0—-0:-4mM-NaOH ?°°, and pH values for 2NaCl—Na2B.0O, solu- 
tions at ionic strengths 0:01-0:05 from 0° to 60°C have been determined in cells 
without liquid junctions.°?* Similar studies were made in which the concentrations 
of borax and sodium chloride were varied.°?° 

An ‘acidity function’ useful for measuring the acidic or basic character of electro- 
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Table X XI.—pH Values of NaOH-H3BO3 Solutions at 30°C *°? 
(Values at 60°C are given in parentheses) 


Moles H3BO3 Moles NaOH/litre 
per litre 
0 0-05 0-1 0:2 0:3 0:4 0-5 
0 12-36 12-64 12:90 13-03 13-16 13-24 
0:05 ea 10-43 12-33 12-83 13-00 13-12 13-22 
-18) 
0:1 5-43 9-12 10-68 12-64 12-87 13-04 13-13 
0:2 4-83 8-47 fate 11-01 12°64 12:91 13-07 
(8:94 
0:3 4:70 8-00 8-67 9:56 11-28 12°61 12-96 
0:4 4:62 7:60 8-30 9-18 9-90 11-38 12-65 
(9-63) 

0:5 4:17 7:25 7:95 8:88 9-50 10-05 11-39 

(10-88) 


Table X XII.—pH Values of NazBz,07-H3BO3 Solutions at 30°C *°? 
(Values at 60°C are given in parentheses) 


Moles H3BO3 Moles Na2B,0O;/litre 
per litre 

0 0-025 0:05 0:075 0-1 0-125 0-15 

0 9:16 9-15 9-19 | 9-18 9-23 9-21 
0:05 at 8:75 8:89 8:96 9-01 9-05 9-09 

6:18) 
0-1 5-43 8:47 8°68 8-78 8°86 8:91 8:95 
(8°62) 
0:2 4-83 8-00 8-30 8:46 8°56 8:65 8:72 
(8:44) 

0-3 4-70 7:60 7:95 8:16 8:29 8:41 8:49 
(8:31) 

0:4 4:62 7:24 7:60 7:88 8-03 8:17 8:28 

(7:53) 
0:5 4-17 6:94 7°34 7:60 7:80 7:94 8:07 


lytic solutions was discussed and determined in borax-sodium chloride solutions 
at temperatures from 0° to 60°C.5 

The pH values of various saturated solutions in the NagO-B,O0;-H2O and 
K20-B20;—H20O systems at 25°C have been determined.®°?4 In the Na,O-B.O3- 
H2O system the pH values at 18°C of solutions containing 0-94, 1, 2, 3, 4-3, 5 and 
6 moles of boric oxide per mole of sodium oxide, diluted with various amounts of 
water up to 14001 mole~+, were also given. As these solutions were diluted to 
1000 1 mole~+, the pH approached values between 8-4 and 9-1. In this work a solu- 
tion with three moles of boric oxide per mole of sodium oxide changed its pH very 
little, from 8-73 to 8-78, on diluting from 10 to 1000 1 mole~ 1.8634 

The pH of potassium metaborate solutions has been determined at 20°C as 


Follows 11174: 
1:0 5:0 10:0 20:0 30-0 
11-19 11-78 12:22 12:98 13-72 


When a solution containing 0-08 mole of boric acid and 0:05 mole of borax per 
litre was diluted to ten times its volume with slightly acidified water having a pH 
of 5:2 at 16:2°C, the pH remained constant at 8-68. Dilution with pH 5-2 water to 
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100 volumes decreased the pH to 7:53; to 200 volumes, 6°84; to 333 volumes, 6°35; 
to 500 volumes, 6:05; and to 1000 volumes, 5-70.87 

pH values have been measured *?° for mixtures of 6 ml of borax solution (19:10 g 
of NazBsO7,10H2O per litre) and (100—5) ml of sodium carbonate solution (5:3 g 
of Na2COsz per litre) as follows: 


The pH values of 0-01M solutions of borax in water and in 10, 20 and 40% solu- 
tions of methanol in water have been determined.®54 

Curves have been published showing the effect of cetomacrogol, a nonionic surf- 
actant, on the pH of a borax solution.??4 

The pH of a borax solution changes very little with dilution and the pH of a 
solution having a Na2,O/B2O3 molar ratio of 0-412 remains constant at 8-91 when 
the solution is diluted.°*® However, if an alkali-metal borate solution has a pH 
value much higher or lower than these values, its pH will change appreciably with 
the concentration. Solutions which are more acidic than these solutions become still 
more acidic at higher concentrations, and solutions more alkaline than this become 
still more alkaline. This behaviour can be explained qualitatively by the formation 
of polyborate ions.*?® When a polyborate solution is diluted, the ions rapidly reach 
a new equilibrium in which more boric acid molecules and monoborate ions are 
formed. If this dissociation produces boric acid and monoborate ions in a ratio less 
than the ratio [H3;BO3]/[B(OH); J in the original solution, the effect of dilution will 
be to decrease this ratio and thus increase the pH. Similarly, if the ratio [H;BOs]/ 
[B(OH)z ] in the original solution is less than the ratio formed by dissociation of 
the polyborate ions, the effect of dilution will be to decrease the pH. If the [H3BO3]/ 
[B(OH)z ] ratio in the original solution is the same as that formed by dissociation 
of the polyborate ions, the pH will be independent of the dilution. In experiments 
on the pH during titration of boric acid with hydroxide at various concentrations 
this composition was found and called the isohydric point.14!-% 1444, 1225-6, 788-9 
In the titration of boric acid with potassium hydroxide the isohydric point is at a 
K,0/B203; molar ratio of 0-405 and pH=9-00; in the presence of 2M-KClI it is at 
molar ratio 0°397 and pH 8:74. In the sodium borate system at 30°C at concentra- 
tions 0-005—0-15N, it is at a NagO/B2Oz molar ratio of 0-412 and pH =8-91.°4® The 
B(OH); ions and the B(OH); molecules are therefore removed from solution in a 
molar ratio close to 2:3. If a single polyborate ion were to be formed it would then 
be the divalent pentaborate ion [B;0¢(OH)s;]?~. This ion is found in crystalline 
tetravalent decaborates. It has been thought that this polyion is the only one 
formed in borate solutions **% +444 1226 but other interpretations indicate the pres- 
ence of B;0g and B,O7~ 7° 788; HBO2s, HB,O; and B;O; 14°; HB,O;, B.O2-, 
HB,O;7 47% 4784; BsOg 476; and B303(OH)2~ and B30;(OH);.11154 Experiments 
on the lowering of the transition point of sodium sulphate, pH titrations and dis- 
tribution of boric acid between solutions and octyl alcohol have indicated that 
HBO2, BOs, B.O7~ and B;O; are present; their proportions were calculated.5*3 
Theoretical studies*®” have indicated that probably two groups of ions predominate 
at the isohydric point, each group containing ions having a similar degree of poly- 
merization. These studies also indicated that maximum polymerization occurs at 
the isohydric point. In the titration of boric acid-metavanadate, boric acid—di- 
chromate and boric acid-tartaric acid mixtures with sodium hydroxide, the iso- 
hydric point coincided with the minimum freezing-point lowering.7®° 

Ingri et al,9°3-*, 3544, 355-6 reviewed previous work on borate structures and the 
nature of borate solutions, and made pH titrations of boric acid (at concentrations 
up to 0:6M) with sodium hydroxide in 3m sodium chlorate, obtaining a set of curves. 
The data were analyzed mathematically. The results confirmed that in solutions 
more dilute than about 0:1%% B2Oz3 the borate species present are essentially only 
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—log (OH ) 


Fic. 12.— Distribution of boron between different ions at 25°C.*5° At a given log [OH - ] the 
fraction of boron, «, present as a given ion, is represented by the segment of a vertical line 
falling within the corresponding range 


B(OH), and B(OH)s3. Between 0-1 and 2:1°% B.O; the data fit best the assumptions 
that boric acid and a univalent three-boron ion predominate in acidic solutions, that 
univalent and divalent three-boron ions and a divalent four-boron ion predominate 
when the Na2O/B2O3 molar ratio is in the neighbourhood of 0:4 (pH near 8:8)253: 356 
(Fig. 12) and that a divalent four-boron ion and the monoborate ion predominate 
in the more alkaline solutions.*°* At concentrations 1:4-2:1°% total B2Os3, in the 
regions where the average charge per boron atom is near 0:1, the data are interpreted 
best by assuming a five-boron ion.?°> A five-boron ion was reported to be predomi- 
nant in concentrated solutions at pH 6—-8.915 Using sodium or lithium bromide rather 
than sodium chlorate gave only small changes in the formation constants; using 
potassium bromide gave measurable differences.°°*4 Recent acidity measurements 
at temperatures from 50° to 290°C have indicated a high probability that the mono- 
valent two-boron and three-boron ions and either the divalent four-boron or tri- 
valent five-boron ions exist®®°*“ (Fig. 13). The thermodynamic quantities 2H°, 4.S° and 
AC; were derived for the equilibrium B(OH);+OH~ =B(OH); at infinite dilu- 
tion eo” 

In other work, formation constants of various polyborate ions were calculated 
at various temperatures from pH values in the titration of boric acid with metaborate, 
in the presence of sodium chloride, potassium chloride, sodium sulphate, cesium 
iodide or sodium bromide. At 0:4mM boron concentration the major polyborate 
ions were indicated to be [B303(OH),4]~ and [B,0;(OH).4]?~, with smaller amounts 
of [B303(OH)s5]?~ and [BsQ6(OH)4]?~ .7974 

The structures of the polyborate ions in solution have been regarded as probably 
similar to those of the polyborate ions found in and postulated for the crystalline 
hydrated borates. A divalent three-boron ion with six-membered ring structure 
(Fig. 14) has been found in the mineral meyerhofferite 2CaO,3B203,7H2O and higher 
hydrates. A univalent three-boron ion with a similar ring structure (Fig. 15) has 
been postulated for gowerite, CaO,3B203,5H2O.'®° The four-boron ion in solution 
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may have the two-ring structure of the [B,0;(OH),]?~ ion found in borax*®* 
(Fig. 5). The five-boron ion may have the two-ring structure (Fig. 8) of the ion 
found in potassium pentaborate tetrahydrate°%*, although nuclear magnetic 
resonance studies make this appear doubtful.®°°4 A summary of Ingri’s work%5% 
includes a tabulation of equilibrium constants for the formation of the polyions 
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Fic. 13.—Distribution of boron among various ions in solutions containing 0-05mM and 
0-60m boron at 50° and 200°C.5°54 The species are represented by the notation (x, y) for 
the formula B,(OH)3x+, 
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Fic. 14.—Divalent triborate ion, Bs;03(OH)2-, in meyerhofferite 1°° 
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and a diagram, for solutions containing 13-93 g of boric oxide per litre, showing 
the distribution of the boron among the various ions as a function of —log [OH~ ] 
(Fig. 12). 

A theoretical study, based on the hypothesis that H.B,O, is formed, gave results 
in agreement with the pH values and freezing points of partly neutralized boric 
acid solutions.?%° 


SPECTRA AND N.M.R. STUDIES 


Infra-red studies over a wide pH range indicated that at 0:25mM-H3;BO; the maxi- 
mum polyborate concentration, containing about 15°%% of the boron present, occurs 
at a pH of about 9.7°° These studies also confirmed that dissociation of the poly- 
borate ions increased with increase in temperature or dilution.?8® In other work, 
infra-red spectra were interpreted to indicate a decrease in tetrahedrally coordinated 
boron with a decrease in pH, accompanied by formation of the ions [B303(OH)s]?- , 
[B40;(OH),4]?~ and [B;0g(OH).]~.°°* A decrease in the four-coordinated boron 
with time was observed.®®? The Raman spectra of sodium metaborate and borax 
solutions have been studied.®174 

Nuclear magnetic resonance studies of 1*B in solutions of boric acid, metaborates, 
pentaborates and tetraborates agree with complete dissociation to H;BO3 and 
B(OH), at low concentrations and formation of several polyborates in pentaborate 
and tetraborate solutions, at high concentrations.5?9 47814 The amounts of 
B(OH)3, B(OH)z;, Bzs03(0H); and B;O,.(OH)z; present in sodium pentaborate 
solutions up to 0:4m were calculated.°”? 11B chemical shifts were determined for 
sodium metaborate, sodium and potassium pentaborate, and disodium and dipotas- 
sium tetraborate solutions.®?” Other n.m.r. studies agree with the presence of tetra- 
hedral B(OH); ions at high pH values and B(OH); at low pH.**! 


CONDUCTIVITY 


The electrical conductivity of sodium metaborate solutions (1-20°, NaBO,) has 
been determined at 20—300°C. At temperatures below 80°C, there is a maximum 
in the conductivity-concentration curve. At 25°C the maximum conductivity is at 
15°%% NaBO,; at 40°C it is at 17°%.5?? 

-Menzel reviewed the published information up to 1927 on the conductivity of 
borate solutions and determined the conductivity of 0-02 to 0:8N-KBOz, -K.B,O, 
and -KB;QOz solutions at 0°C.°°? 

An experimental study of the conductivity of KBO2, LiBO2z, K20,2B.03, Na2O,- 
2B20s3, Li,O,2B20s3, Li,O,5B20s, Li,O,8B20s3, Li,O,167B20s, Li,O,16-7B,.03 and 
Liz0,600B.O3 solutions at temperatures of 30—-300°C has been made.!187 

Other conductivity studies have been made®® 2° 11154, including an investiga- 
tion of dipotassium tetraborate at 2-5000 p.p.m.'1%44 In thin films, the conductivity 
of sodium metaborate solutions is low.1°?% Other studies 2% ®°% 813 indicated the 
presence of the monoborate ion in dilute alkali-metal borate solutions and the 
pentaborate ion in the presence of excess boric acid. From conductivity studies 
and boron volatility studies at high temperatures, the distribution of boron among 
the various ionic species was deduced.!1°7 

Electrophoresis of a borate buffer (pH 8-6) on a paper strip has been found to 
cause a large change in the pH.®!” The relative difference in mobilities for the 
*°BOz and 1*BOz ions was measured by electrophoresis.°*54 Other conductivity 
and electrodialysis studies have been made on solutions of sodium and potassium 
metaborate and of borax.'®! The equivalent conductivity of B(OH); at 20°C is 
61-6.2°° Electro-osmosis in 0:33m solutions of borax has been studied.9?° Electro- 
dialysis studies using an ion-exchange membrane have shown that in borate solutions 
at pH 7:22 the polyborate ion is mainly the tetraborate ion. 

The mobility of the anion in aqueous solutions of various metaborates, tetra- 
borates and pentaborates was found to be 39-40 mho cm?.°8° The mobilities of the 
anions of K,0,CaO,4B.03,12H20O, K,0,Sr0,4B203,14H,O and K,0,Ba0O,4B20s3,- 
14H.O are 38-7 mho cm?.3894 
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OTHER PHYSICAL PROPERTIES 
Supersaturation 


Borate solutions, especially those having a high solubility, supersaturate easily. 
They can be spray-dried to form amorphous products which will dissolve quickly 
without the temperature decrease which occurs when crystalline borate hydrates 
dissolve.1°®? These amorphous products can also contain sodium chlorate.979 
Supersaturated borate solutions can be formed by dissolving mixtures of boric 
acid and calcined borax without heating or cooling.9”” 

A solution containing 40-80% of NaBOz at 100—-180°C can be drum-dried at 
130—200°C to form flakes having 0-1 to 0:7 molecules of water per molecule of 
NaBQOg..?9%5 

Crystallization of supersaturated borax solutions has been inhibited by the 
presence, of Fe? *, Al®*,.Cu2*, Cres. Zn-* Ca** Mes” ions and anionic suttace 
active agents.?7® 1°59 In brines containing sodium and potassium chlorides, carbon- 
ates or sulphates, borax crystallization has been inhibited during the crystallization 
of other salts, by rosin, extract of creosote bush or other resinous material.!°°¢ 

Solutions containing sodium borate—phosphate mixtures, in a ratio of about one 
phosphorus atom to four boron atoms, do not crystallize but tend to form films.?°1® 

Sodium metaborate crystallization is inhibited by adding about 10°% (dry weight) 
of sodium arsenite, sodium silicate, trisodium phosphate, potassium carbonate, 
potassium permanganate or ammonium iodide.!°?? Supersaturated borax solutions 
are stabilized by dichromate?°*! or sodium metasilicate.+°45 195°. 1979 A mixture of 
equal weights of borax and sodium metasilicate (Na2SiO3,5H2O) melted in the 
water of crystallization at about 100°C on stirring, formed a clear solution which 
was stable for more than 90 days. The solution dried to form a clear intumescent 
film.*°*® By rapid cooling, potassium chloride may be crystallized from solutions 
containing potassium chloride and borax which are supersaturated with borax.9°® 


Viscosity and Density 


Borax (0:5%) increased the kinematic viscosity of water by about 0:5°%. Deter- 
minations have been made at concentrations below 1:5°% at 60°, 80° and 100°F.9 
Other determinations’1174 gave the values shown in Table XXIII. The kinematic 


Table X XIII.—Kinematic Viscosity of Borax Solutions 


Temperature, °C Kinematic viscosity, centistokes 


Borax concentration 
25 


viscosity of a borax—boric acid solution containing 0:474°% of sodium oxide and 
4:83°% of boric oxide was determined to be: 0:7872 at 37:8°; 0:6444 at 48-89°; 
0:5409 at 60-0°; 0:-4619 at 71-1°; 0-4043 at 82:2°; and 0-3582 at 93-3°C.11174 Viscosity, 
density, electrical conductivity, f.p., b.p., coefficients of expansion and conductivity 
were measured on solutions of borax in water—ethanol—dioxan mixtures. One such 
solution had a f.p. of —46°C.®%8 Curves showing the density of borax solutions at 
various temperatures have been published.+?° 


Surface Tension 


Borax decreases the surface tension of water from 72:8 dynes cm~+ with no borax 
to 72:3 with 0:5% and 70:9 with 1:5°%% borax.°? The surface tension of saturated 
borax solutions at 22°C is between 72 and 76 dynes cm~?, and borax is therefore a 
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non-creeping crystallizing salt. Solutions having surface tensions above 75-76 
dynes cm7~! at 22°C tend to creep during crystallization.*2° The interfacial tension 
between borax solution (0-001—0-1mM) and two asphalts at 85°C has been deter- 
mined.°®*° 


Vapour Pressure and Volatility 


Osmotic and activity coefficients for disodium and dipotassium tetraborates and 
sodium metaborate at 25°C have been derived from isopiestic measurements with 
sodium chloride as the reference salt.°°° Freezing-point determinations led to a 
revision of these activity coefficients for the tetraborates.°°°4 

The critical temperature of 0:20M-NazB.,O7 solution has been reported to be 
29-8°C above that of pure water.?%4 

The vapour pressure of a saturated borax solution was determined to be: 129-4 
mm at 57-94°; 130 at 57-99°; 131-4 at 58-23°; 133-1 at 58°56°; 134:7 at 58-82°; 
135-4 at 58:91°; and 138-2 at 59-42°C.°% 

A pressure—temperature curve was determined for saturated solutions of disodium 
octaborate, iNa,0,4B.03, at temperatures from 374° to 600°C; apparently this an- 
hydrous compound exists in equilibrium with its solution under these conditions. 
The pressure ranged from 47 to 150 bars at these temperatures.°®° 

The volatility of borate from solutions has been used to determine the distribu- 
tion of boron among the various ionic species.'+®’ The effect of pH of the water on 
the concentration of boric acid in steam from boiling water at pressures 1-20 atm 
has been determined.®*® °°! In the pressure ranges 0:2 to 20 MN m~ 2 (2-200 bars), the 
coefficients (concentration in steam/concentration in water) for ammonium penta- 
borate, borax, sodium pentaborate and boric acid were nearly equal to (density of 
steam/density of water)°°, as indicated by laboratory experiments.®*9-5! At a pres- 
sure of 10 MN m~? (100 bars) the apparent distribution coefficient for boric acid 
decreases from 0:10-0:11 at pH 8-6 to 0:02-0:03 at pH 11:2, and at pressures less 
than 0:2 MN m~? (2 bars) there was some irregularity in the results. 

A solution of borax, sprayed on an agitated bed of particles of anhydrous borax 
maintained at 400°—700°C was reported to produce an anhydrous product having a 
relatively high bulk-density, but the product was more hygroscopic than anhydrous 
borax produced by melting.?7? 


Diffusion 
Diffusion coefficients of borax and sodium pentaborate have been measured at 
25-37°C in solutions containing 0—-0:077 mole litre~ +.°°? 


Index of Refraction 


Refractometry calibration curves for borax have been published.?”2 Data on 
aqueous borax solutions at 100°C are: 40°% borax, 1:3598; 43°%, 1:3644; 46%, 
#3694144 


Chemical Reactions of Borates in Solution 


In this section the reactions of the alkali metal borates in solution are discussed 
under the following headings: cation complexes; polyol complexes; reactions with 
acids; reactions with salts of alkali metals; reaction with salts of Group II metals 
and other metals; reactions with sulphur, oxides of carbon and peroxides; electrode 
reactions and electrolysis; corrosion inhibition; hydrothermal reactions; effect of 
borates on crystallization of other salts; removal of borates from solution; removal 
of impurities from borate solutions; and phase equilibrium in aqueous borate 
solutions. 


CATION COMPLEXES 


Borate ions in solution form complexes with many metal ions, with polyhydric 
compounds and with fluorides.11°° The synthesis of the cationic complexes and their 
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properties have been reviewed through 1969.74 Nuclear magnetic resonance 
studies of 11B in boric acid confirm that the borate ion rather than boric acid forms 
the calcium complexes, as boric acid shows no chemical shift when calcium chloride 
is added (ref. 1078, p. 94). When calcium chloride is added to a borax solution there 
is at first an amorphous precipitate. This dissolves when a large excess of calcium 
is added, because a calcium—borate complex is formed. The apparent pK of boric 
acid is thereby decreased from 9-2 in water to about 4 in a solution 5:4m in calcium 
chloride, so that boric acid may be titrated to a pH 7 end-point.7%° 

A variety of salts affect the phenolphthalein end-point in the titration of boric 
acid with sodium hydroxide in the presence of ethylene glycol.’®° Salts having a 
large effect are lithium chloride, calcium chloride, barium chloride, sodium bromide, 
sodium iodide, calcium nitrate and barium nitrate. Salts having a moderate effect 
are sodium chloride, sodium nitrate, potassium bromide and potassium iodide; 
little effect was shown by potassium nitrate, sodium sulphate and potassium 
sulphate. There was a relationship between the acidifying effect and the hydration 
energy of the ions.”®° A theory was proposed that the acidifying effect was due to 
the different properties of water of hydration of the positive and negative ions7®, 
but complex formation may have been involved in some cases. 

A study has indicated the existence of FeBO2* and Fe(BO.2)* 75% and a pro- 
cedure has been developed for the determination of iron by potentiometric titration 
with borax solution.’°® Potentiometric titrations of aluminium nitrate and Al(OAc)f 
with borax solutions have been interpreted as indicating the existence of the com- 
plexes AlIBO2Z*, Al(BO.)¢, Al(BO2)3 and Al(BO.)3~. Instability constants of alu- 
minium borate complexes have been determined from potentiometric titrations and 
from spectrophotometric data in systems containing Fe**.7°” This work, however, 
has been questioned.?7* 11° 7 

The solubility of divalent cobalt in borax solutions increases on addition of boric 
acid. Polarographic investigations have shown that the aquo-cobalt complex is 
reduced at the mercury surface, but not the cobaltous—borate complex.**” The com- 
plexes Pb(BO.2); and PbBO# exist.7°° The existence of Co(BO2)?~ and Ni(BO.); 
has been proved by ion-transfer experiments, and their instability constants were- 
evaluated from solubility and spectrophotometric experiments.’°° 

Conductivity and freezing-point studies have indicated that magnesium—borate 
complexes are formed.+°** 

Zinc and cadmium form borate complex ions.11°} 929 

Silver- and glass-electrode measurements have indicated that AgBOs, a weak 
uncharged complex, is formed in solution.??24 


POLYOL COMPLEXES 


Complexes are also formed with certain polyhydroxy organic compounds. Re- 
views on the chemistry and structure of these complexes were published in 1964111° 
and 1967.99? Although boric acid alone is too weak to be determined by titration 
with a strong base, the acidity is greatly increased by the addition of mannitol, 
glycerol, sorbitol or other similar compounds. Titration curves (of which those in 
Fig. 16 are typical) of boric acid in the presence of a variety of glycols and 
sugars §34: 55° show that only a few of the compounds investigated would increase 
the acidity sufficiently for an accurate titration of boric acid to the phenolphthalein 
end-point. Mannitol gives the sharpest end-point.°°° For titration of the borate with 
hydroxide to phenolphthalein, two moles of glycerol are needed per mole of boric 
acid, and eight moles of glycerol per mole of borax. An excess of glycerol is prefer- 
able.°? 

With four moles of glycerol a strongly acidic glyceroboric acid is formed. Glycerol 
solutions containing 2 to 20°% of borax became more acidic with increasing glycerol 
content.?3% 8&° With 20% or 86% of glycerol an increase of borax content gives 
practically no change in pH.2%? Some pH values in solutions of borax containing 
glycerol®®® are shown in Table XXIV. 
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Fic. 16.—Titration of boric acid in the presence of polyalcohols. (1) Acid alone. (2) Erythri- 
tol added. (3) Mannitol added 


Table XXIV.—pH Values of Borax—Water—Glycerol Solutions at ~ 15°C ®®® 


°% Glycerol 2% Borax 6% Borax 10% Borax 


Carbon dioxide is evolved when glycerol and borax are mixed with water and 
sodium bicarbonate.°*® 

Complex formation in solutions containing sodium metaborate and various poly- 
ols has been studied by means of Raman spectra.®?24 Evidence was found for the 
existence of both the 1:1 and 2:1 (diol: boron) complexes in concentrated aqueous 
solutions containing 1,2-ethanediol and sodium metaborate.®??4 

Freezing-point and electrical conductivity studies have been made of the com- 
plexes of borax and various polyhydroxy-alcohols.?’7*° The change in pH of borax 
solutions with temperature has been determined in the presence of many polyhydric 
alcohols and organic acids.°*? The formation constants of many borate complexes 
have been determined from pH measurements.?° 714 

Proton magnetic resonance studies showed that no complex formation occurred 
between mannitol and boric acid in deuterium oxide, if enough deuterium chloride 
was present to repress the boric acid ionization.*!®“ Cryoscopic studies in calcium 
chloride hexahydrate showed that no complex was formed in the boric acid—manni- 
tol—-CaCl.,6H2O system, but that complexing did occur in the lithium metaborate-— 
mannitol—CaCl.,6H2O system.°?° An investigation of the mannitol—-borax and 
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sorbitol-borax complexes by the dilatometric method agreed with the formation of 
both mono- and bi-chelated compounds.’ 

Conductimetric and pH studies confirmed that the mono- and bi-chelate complexes 
are formed with mannitol and that the mannitol-borate complex is present in ap- 
preciable amounts only in basic solutions.?1% 41® 7°84 There is now wide agreement 
that the borate ion, rather than boric acid, forms the complexes.2!°% 714: 858 The 
complexes would thus be formed as in Fig. 17. Nuclear magnetic resonance studies ®27 


OH H—O O OH 
uA ny Fa SCA 
HO—B + R—>H+/R B +H20 
boa Re APS 
OH H—O O OH 
O OH] H—O O O F 
ee ONE \ Ko ey Ae 
R B + R—>]|R B R| +2H,O 
ay VAX “a te 
O OH H—O O O 


Fic. 17.—Formation of mono- and bi-chelate complexes 


have shown that the 7*B resonance line of boric acid solution did not shift when 
mannitol was added. This method is quite sensitive to a change of boron from three 
to four coordination. The mannitol—borax reaction has also been studied by chro- 
matography.°??4 The heat of reaction of mannitol with sodium metaborate has been 
measured.°1® 

The formation constants K, and Kz of the 1:1 and 2:1 + mannitol— 
borate complexes have been investigated by pH measurements in_ several 
laboratories 7*° 1227, 16, 6164, 7084, 8454 with often divergent results, sometimes ap- 
parently due to misinterpretation of the experimental data.139 4164-679 A recent 
investigation **®“ gave 2:79 to 4-98 as reliable values for log K, and log Ke, respec- 
tively, in agreement with the values 2:75 and 5-06 given in a previous paper ®**4, 
and showed that experimental data in the other papers, when recalculated, gave 
consistent values for Kz. A review of the literature on the boric acid—borate—manni- 
tol system discussed a difficulty in interpreting its behaviour.®”° 

Freezing-point measurements have shown compound formation in borax—sugar 
solutions.°°* Glucose and maltose migrate towards the anode in the presence of 
borax.*’° The extent of chelate formation with hexoses varies greatly with the con- 
figuration of the hydroxyl groups®°, as indicated by potentiometric titrations. This 
relationship has been studied by many investigators, especially by Boeseken and 
co-workers, utilizing conductivity measurements.°° 994 The effect of sodium and 
potassium borate on the optical rotation of carbohydrates has been 
studied.*79 44,961,592 The rotation of glucose—borax solutions can vary from 
+ 52° to —8° depending on the concentrations.'”® Adding borax to glucose causes 
a large change in the rotation.°°® When sodium metaborate is added to glucose or 
xylose, two moles of sodium metaborate per mole of glucose and one mole of 
sodium metaborate per mole of xylose give the maximum change.®?? Borate com- 
bines with the cis-vicinal hydroxyl groups of sugars; mutarotation can be observed 
after acidification.39°4 N.m.r. studies of borate complex formation can be used to 
detect neighbouring cis-diol groups in carbohydrates.®®°4 

Borax has a marked effect on the rotatory dispersion curves of glucose, galactose, 
mannose, fructose, arabinose, xylose and sorbose, owing to complex formation. 
There was no effect in the case of the disaccharides lactose, maltose and sucrose 
or purine nucleosides, but there was a marked decrease in the rotation of pyrimidine 
nucleosides.®°*! Borate combines with cellulose.7°7 

Various sugars have been added to sodium hydroxide solutions containing 1% of 
boric acid, and the decrease in pH noted. No decrease was observed when the pH of the 
original solution was as low as 3.8°° In fructose-Li,O-B2O3 solutions, polarographic 
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studies indicated that a 1:1 fructose—-borate complex is predominant.®!® The dissocia- 
tion constants of the 1:1 and 2:1 fructose-borate complexes have been evaluated by 
pH studies.°*°“ Polarographic studies indicated that the borate is bonded to the 
fructose through the 2-keto-position.®*°4 

The effect of borate on the oxidation of sugars has been studied.*724 The rate of 
oxidation is usually decreased by alkaline borates, and the relative quantities of 
oxidation products are probably changed.*9° Oxidation of glucose by alkaline copper 
solutions does not occur if enough borate is present.>14 

Tests of borax—dextrin-sodium hydroxide water adhesives have been interpreted 
to indicate probable formation of a chain of alternate dextrin and metaborate 
ions.°?? The maximum viscosity was reached with 2:4 to 2:85 moles of sodium 
hydroxide per mole of borax. 

The levulose content of invert sugar has been determined by titration with sodium 
hydroxide in the presence of boric acid and phenolphthalein.?”” 

Solutions of sugar or other polyol-borate complexes were passed through strong- 
base ion exchange columns, and the absorbed complex ions were then eluted by a 
borate solution, resulting in a separation of the various sugars.*°! Similar studies 
of carbohydrate separation have been made using a charcoal column and paper 
chromatography°?, paper ionophoresis?°? and gas-liquid chromatography.°°!4 
Sugars which have been separated as their borate complexes by ion exchange can be 
determined by refractometry.°1?4 

Ionophoresis in a borate buffer at pH 10 has been proposed for determining the 
structure of polysaccharides.?°° 

More carbohydrate was extracted from a wood cellulose by 16°% potassium 
hydroxide containing 3-4%% of boric acid, than by 16% potassium hydroxide 
alone.*°? Borax accelerates the reaction of cyanides with reducing sugars.'°9 Enzy- 
matic isomerization of glucose to produce fructose takes place in the presence of 
borate.1137- 949A 

Polarimetric studies on solutions of boric acid, borax or potassium metaborate 
with mannitol, glucose, tartaric acid, sodium tartrate or calcium gluconate have 
indicated that complex formation may occur between boric acid and the carboxy- 
late ion as well as between the B(OH); ion and hydroxyl groups.°°® Sodium meta- 
borate in aqueous solution with sodium gluconate forms a 1:1 (BOs :CgHi,07 ) 
complex and under some conditions a 1:2 complex, as indicated by conductivity 
and refractive-index studies.°44* The 1:1 complex was isolated as a white glassy 
substance.117° Further studies were made of sodium borogluconate.°*!“ Double 
salts with alkaline-earth metals were also prepared.‘!”? In solutions of metaborates 
and ascorbates, there is evidence for the formation of complex ions with metaborate:- 
ascorbate molar ratios of 1:211°4:8184 and 1:1 and 1:28194)11°S: the acids form 
complexes with similar ratios.17°° Solid alkali bis-(ascorbato)-borates are precipi- 
tated from alcoholic ascorbic acid—boric acid solutions with sodium or potassium 
hydroxides.*314 Crystalline dipinacol borates, MBO2,2CgH:20,4H2O, where M is 
Li, Na or K, have been prepared by adding an alkali hydroxide to a boric acid— 
pinacol hydrate solution.?”°“ The relation of borate ions to gels of a galactomannan 
solution has been discussed.+°?4 

The formation of borate complexes with erythromycin ®®’, with 2,3-dihydroxy- 
6-naphthalene sulphonic acid °°*“ and with 2,3-naphthalene diol °1“ has been studied. 
The borax—chloramphenicol complex??® and the effect of borate on the polysac- 
charide protein and antigen-antibody reactions®!°* have been studied. Borate 
inhibits precipitation between anticarbohydrate antibodies and various polysac- 
charides.®!°4 

Polyvinyl alcohol gives a gelatinous substance with borax.'® °** The viscosity of 
these systems in water has been investigated.24”“ When polyvinyl alcohol film was 
immersed in borax solution, swelling increased with an increase in borax concentra- 
tion, and the film dissolved in 10°% borax solution. An X-ray fibre diagram of the 
complex compound was obtained.°?4*~> Polyvinyl alcohol (1:5—2:0%% concentration) 
with sodium metaborate and sodium hydroxide gave an elastic gel.°°* Structural 
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changes in sodium metaborate—polyvinyl alcohol solutions have been studied in 
relation to rheological behaviour.'?® The viscosity and pH of aqueous polyvinyl 
alcohol-sodium borate mixtures were measured at various concentrations and pH 
values.°1” The gelation of a dispersion of guanosine in a borate solution has been 
studied.°?°4 Inhibiting and softening properties of polyoxy-complexes have been 
studied.?744 

Borax does not react with a 3% polyacrolein solution.?® 

The amount of dialdehyde starch dissolving in 15-120 min in 0-5, 1-0, and 5-:0% 
borax solution at 55°C has been determined.** 

Rutin and quercetin have bonds with the metaborate ion in two places, as is 
shown by methylation and hydrolysis experiments.’°* 

Potassium tetraborate reacts with N-acetylhexosamines to form chromogens.®2® 
Borax and potassium borates, with polyhydroxy-compounds, have been patented 
as constituents of non-crystallizing developers for diazotype materials, which do 
not cause discoloration.?°° 

Addition of borate made few changes in the ultra-violet spectrum of catechol.?1? 
Borax increases the sorption of catechol on a weak-base ion-exchange resin. 
Separations of other polyol isomers have been made by selective sodium borate 
complex formations with the cis-isomers.*9'~? Several cyclic polyol complexes were 
crystallized and their structures proved from thermal dehydration curves.'9? The 
boropentaerythritols Li,O,B203,2C;Hg02,9H2O and Na2O,B203,2C5;Hg03,9H20 
have been crystallized.119°“ The borate ion forms chelates with one and two molecules 
of pentaerythritol, and the chelation constants have been determined.*? Xylitol 
forms complexes with the alkali borates, and their infra-red spectra have been 
studied.°°*4: 1088-9 

Borates can be extracted from alkaline ?°* 41® 968 97° or acidic!?°? brines with a 
solution of certain polyols in kerosene (see p. 432). Experiments on the extraction 
of borate using 2,2-diethyl propanediol-1,3 and 2-ethylhexanediol-1,3 in chloroform 
at pH 2 to 12 indicated that no complexes were formed with borate ion in the 
aqueous layer. A 1:2 boric acid—diol complex was, however, formed in the chloro- 
form phase in two steps.?7° . 

Alkali-metal salts of the complexes of boric acid with hydroxyacids have been 
known for a long time, and their methods of preparation and properties have been 
reviewed.'1!° Borotartrates of sodium and lithium can be prepared by heating a 
boric acid—tartaric acid mixture with simultaneous neutralization with sodium or 
lithium carbonate.®°’ Conductometric and polarimetric studies have indicated that 
borotartrate complexes with a tartrate—boron ratio of one are formed in sodium 
monoborate or borax solutions. Complexes having a higher boron content are also 
formed in these solutions, and in sodium pentaborate solutions.®'* A variety of 
sodium borotartrates have been prepared by evaporating solutions containing sodium 
borates and tartaric acid.?7? 

In a study of solubilities in the system Na,O—-B,O3-trihydroxy glutaric acid—water, 
the compounds 2Na20,B203,2C5Hg0¢,3H2O0 and Naz2O,B203,C5;HeO¢,3H20 crystal- 
lized. The solubility was increased by the formation of the complexes.°®* The DTA 
and DTG curves and the infra-red spectra of these compounds were studied, and 
structures were proposed.°®’ 

Borax reacts with aqueous ammonium sulphate or chloride and ethylene glycol 
to form glycol borate, from which methyl borate can be formed by transesterifica- 
tien+°° 

A borate buffer of pH 7:62 in the presence of oxygen gives irreversible photo- 
bleaching of methylene blue.®® 

The lowest borax concentration which will precipitate solutions of ethyl hydroxy- 
ethyl cellulose was determined.?”! The coagulation effect of borax on zinc hydroxide 
and ferric hydroxide sols suggested that the anions in a borax solution are bivalent.®° 

From experiments on the sorption of borate ions on an ion-exchange resin in the 
chloride form, it was calculated that a mixture of B;0,, BszO?~ (or HB;O27) and 
monoborate ions was sorbed.??" 
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REACTIONS WITH ACIDS AND AMMONIUM SULPHATE 


Borax reacts with sulphuric acid to precipitate boric acid. A cyclic process has 
been patented in which borax and water are added to the solution after removal 
of the precipitated boric acid. By this means the liquor can be further cooled to 
crystallize Glauber’s salt without further crystallization of boric acid.°5? Borax and 
sulphuric acid, when added to a saturated sodium sulphate solution at 100°C, 
precipitate anhydrous sodium sulphate. When the solution is cooled to 30°-35°C, 
boric acid free from sulphate is formed.9*4 

Borax reacts with nitric acid to give boric acid and sodium nitrate. If the reac- 
tion is carried out in a liquor saturated with both sodium and potassium nitrates, 
the boric acid crystals float and the sodium nitrate sinks, and thus the products 
can be separated without fractional crystallization.!°* 

Borax in solution reacts with carbon dioxide and methanol to form trimethyl 
borate, which may be distilled out as the methanol azeotrope.!14® 1152 

Borax in solution reacts with sulphur dioxide to form boric acid crystals and 
sodium sulphite in solution. After separation of the boric acid the mother liquor 
may be treated with more sulphur dioxide to give sodium bisulphite.°®° 

Borax reacts with ammonium sulphate in a hot solution to give ammonia, sodium 
sulphate and boric acid, and a process has been worked out!°° for producing these 
materials. 

According to a phase diagram of the HBO.-NaF-H.O system at 30°C ®°*, borax 
reacts with hydrofluoric acid to give sodium fluoborate and boric acid, rather than 
Na2O(BF3)4 as previously reported.1°°? The BF;0H~ ion is formed under some 
conditions.**® Addition of hydrofluoric and sulphuric acids to borax gives boron 
trifluoride.*°°” With an excess of hydrofluoric acid, the sodium content of sodium 
borates can be quantitatively determined as sodium fluoborate, by evaporation on 
a steam bath and drying to constant weight at 110°C.5°! Borax has been proposed 
as a reagent to react with hydrofluoric acid in the recovery of uranium.!!°° 

Powdered arsenious acid largely dissolved when digested with a saturated borax 
solution. When this solution was evaporated, a brittle transparent pale-yellow mass 
of gummy appearance was formed, which dissolved in a small amount of water to 
form a syrup. This syrup solidified when chilled to give a crystalline mass, contain- 
ing about five equivalents of arsenous oxide, six of boric oxide, three of sodium 
oxide and ten of water.7*+ 

Tannic and gallic acids react with borax like arsenious acid, gallic acid forming 
a gummy mass and tannic acid a yellow powder.’*1 Margaric, stearic and oleic acids 
dissolve in considerable amounts.7*! 

Potassium pentaborate will react with phosphoric acid to give dipotassium 
phosphate and with nitric acid to give potassium nitrate.?°° 

Lithium borate solutions (2°5°%%) dissolve 0-52°% of uric acid at pH 7 and about 
1:5°%% at pH 9, but higher lithium borate concentrations do not increase the solu- 
bility further.®?+ 


REACTIONS WITH ALKALI-METAL COMPOUNDS 


Potassium metaborate solutions react with lithium hydroxide to give well-formed 
crystals of lithium metaborate, LiB(OH),. Rubidium and cesium metaborates can 
be prepared by the same method.®?4 

Borax in solution reacts with potassium chloride to crystallize dipotassium tetra- 
borate, K20,2B203,4H2O. In the presence of ammonia the yield is increased, and a 
process utilizing it has been patented.°°° The mother liquor from the borax—potas- 
sium chloride reaction may be carbonated to form sodium bicarbonate and KB;Og,- 
4H,0.°°? 

Borax does not react with sodium carbonate in solution at atmospheric pressure, 
but if the solution is heated to a temperature above 120°C, preferably 150-200°C, 
and the carbon dioxide is allowed to escape at 40-210 lb in~2, sodium metaborate 
is obtained in solution.9°! 
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Borax, potassium chloride and sulphuric acid, dissolved in water and heated, 
react to form potassium pentaborate, KB;0s,4H20.1°78 

Sodium metaborate reacts with trisodium phosphate in solution to form a double 
salt, NaBOz,NasPO,4,18H2O which has a solubility of 12:8 parts per 100 parts of 
water at 25°C and 20:8 parts per 100 parts of water at 35°C.°°° In solutions saturated 
with other sodium salts, the solubility is less. The amount of the 18-hydrate dis- 
solving in saturated salt solutions, in parts per 100 parts of water, is: sodium 
chloride at 25°C, 7-6; trisodium phosphate at 25°C, 1:9; at 35°C, 3:3; sodium 
metaborate at 25°C, 0:2; at 35°C, 1-0.9°° 

Borates increase the rate of formation of iodate from iodide and iodine. In a 
series of experiments in which the sum of the molar concentrations of potassium 
hydroxide and boric acid was constant, the maximum rate of iodate formation 
occurred at a molar ratio (K2O: B2Os3) of 1:4.°1? 


REACTIONS WITH SALTS OF GROUP II METALS 


Warm borax solutions react with solutions of soluble salts of calcium, magnesium, 
barium, zinc and cadmium to give gel-like precipitates which can be dewatered and 
pressed into shapes for a radiation shield.9?4 

Borax and magnesium chloride solutions form an amorphous precipitate which 
crystallizes in the presence of excess magnesium chloride to form pinnoite, MgB2Q.,- 
3H.O, within about a week after seeding.+1°74 

Borax and magnesium sulphate in solution at 35°C give orthorhombic crystals 
of inderite, 2MgO,3B203,15H20.7*74 Potassium metaborate solution reacts with 
inderite to give magnesium hydroxide.*®’ 

Dipotassium tetraborate (K2B,0,) solution reacts with magnesium sulphate 
solution to give K20,MgO,3B203,15H2O (specific gravity 1:91)%8% 11°74 in several 
days. 

When borax is added to milk of lime, the pH is decreased.°*5 A suspension of 
four molecules of borax and two molecules of hydrated lime in six litres of water 
forms colloidal ulexite at room temperature in several days; this product is useful 
in ceramics.?124 

A solution of borax and sufficient sodium hydroxide to give a pH higher than 11 
after reaction, reacts with alkaline-earth chlorides or hydroxides to give an amor- 
phous precipitate, which crystallizes to form the alkaline earth metaborate, MB2Ou,- 
nH2O.*1°74 With an excess of borax and boric acid, at a pH between 3:5 and 8, the 
amorphous precipitate first formed crystallizes to form the hexaborate, MBgQ,p,- 
nH2O.*1°74 Double borates are obtained by using the proper excess of borax and 
boric’ acid ?°"* 

A solution of borax and sodium hydroxide (molar ratio Bz03: NazO 0-93-0-5) 
with calcium chloride solution gives an amorphous precipitate which forms crystals 
of CaB.0.,6H2O up to 2 mm in size within a few hours.11°74 

An aqueous mixture of borax, calcium hydroxide and calcium sulphate or chlor- 
ide with®%>119® or without!19” the addition of sodium hydroxide will react at 
temperatures below about 25°C to form crystalline CaB,0.,,6H2O. At higher 
temperatures, CaB2,0.1,4H2O is formed. Sodium metaborate solutions, with or 
without sodium hydroxide, do not react with calcium metaborate.*®? CaHBO3 is 
formed when sodium metaborate solution is mixed with slaked lime and concen- 
trated at 100°C.*8°4 Sodium metaborate solution, added to calcium chloride solu- 
tion at room temperature, gave a product having a composition similar to pander- 
mite, 4CaO,5B.03,7H.O.1°14 Sodium metaborate solutions react with calcium salts 
to form CaB2,0.,6H2O at room temperature or below.®*> An excess of borax solu- 
tion, preferably with sodium hydroxide to give 1:7 moles of boric oxide per mole 
of sodium oxide, reacts with calcium chloride solution to give crystals of 
ulexite, NaCaB;O0,,8H2O within a day.11°74 

In the Na,O-B2,03—H20, K,O-B,0;—H20 and (NH.)20-—B203—H20 systems 
-(containing small amounts of lime) at 25°C, the regions where CaB20.,4H.2O, 
CaB20,,6H.O, Na2O,2CaO,5B203,6H20 (ulexite), 2CaO,3B203,13H20 (inyoite), 
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K.0,Ca0,4B203,12H2O, and (NH,)20,CaO,4B,03,12H2O are formed have been 
determined. This was done by adding a precipitate of amorphous calcium borate 
to these solutions and agitating for periods up to 15 days.?*14 Further studies have 
been made of the conditions for the formation of CaB,0.,4H2O and CaB,.Ou,- 
6H.O.1242 

Solutions of potassium, rubidium or cesium tetraborate, containing two moles 
of K20,2B.03 7°?, Rb20,2B.03 7°* or Cs20,2B203 284 react with one mole of alkaline— 
earth metal chloride to give precipitates which are usually amorphous at first, but 
which crystallize on standing to form K,0,CaO,4B.03,12H.O?83, Rb.O,CaO,- 
4B.03,12H2O 284: Cs20,CaO,4B203,12H2O 7°, Rb2O0,SrO,4B.03,12H2O 284%. or 
Cs20,SrO,4B203,12H20.7°* The solubility of K2,0,CaO,4B.03,12H2O is 7:3 g per 
litre at 20°. Its density is 1-793. Its unit-cell dimensions and indexes of refraction 
have been determined.?°? 

Borax and CaB,0.,,6H2O in a sodium chloride solution at 20°C or 40°C slowly 
form ulexite, Naz0,2CaO,5B20s3, 16H2O.*°” > 

Borax reacted with CaSO.,2H.,O and deuterium oxide at 68° to give 
2CaO,3B203,7D20. This compound reacted with Na2B4,07,10D.0 in deuterium 
oxide at 68°C, when seeded with colemanite, to give deuterated colemanite.!13¢ 

Potassium pentaborate in solution or suspension reacts with hydrated lime to 
give potassium hydroxide solution containing some borate and a calcium borate 
precipitate.*°°® 1°87 When the potassium pentaborate solution contained 14% of 
boric oxide and 00-86% of ammonia, less than 3°% of its original boric oxide content 
was left in the solution. The lime was added in two portions of 0-745 and 0-39 moles, 
respectively, per mole of original boric oxide, and the mixture was heated 15h 
at 100°C or 6h at 150°C and filtered after each portion was added. After the first 
filtration, the precipitate was washed with a weight of water equal to the weight of 
the original solution, the wash water being added to the filtrate.1°97 

Borax solution added to strontium chloride solution gives a precipitate of stron- 
tium borate.*®+4 Borax, sodium hydroxide and strontium chloride in solution form 
crystals of Na2,O,2SrO,5B2.03,16H2O analogous to ulexite, in a week.8° 110974 A 
solution of borax and sodium hydroxide at a pH of 11:4-12:0 reacts with a solution 
of strontium nitrate at 60°C to give crystals of strontium diborate, SrO,B.03,4H.O, 
within half an hour.1?°74 At lower pH values, a mixture of the diborate and an acid 
borate is obtained.?®? 

Borax solution added to barium chloride solution precipitates a barium borate.1®14 
A borax-sodium hydroxide solution treated with barium chloride solution gives a 
flaky amorphous precipitate which crystallizes after a few hours, if the pH is main- 
tained above 11, to form barium metaborate, BaB,.0.4,4H2O0.8794 11°74 A sodium 
borate solution (3-7 moles of boric oxide per mole of sodium oxide) added to barium 
sulphide solution at 57°—70°C and heated 3 h at 125°-140°C, forms a compound of 
the approximate composition BaO,B.O3,H.O.1?%4-> Borax solution added to 
concentrated barium sulphide solution gives a precipitate of barium metaborate.!1°® 
Dipotassium tetraborate solution reacts with barium chloride solution, with seeding, 
to give crystalline K,O,BaO,4B.03,14H.O.3°" 

Traces of borate can be precipitated in 15°% ethanol solution as barium boro- 
tartrate and then determined by measuring the barium in the precipitate by X-ray 
fluorescence.°144 


REACTIONS WITH SALTS OF OTHER METALS 


Borax generally reacts with heavy-metal salt solutions to give amorphous heavy- 
metal borates; crystalline heavy-metal borates are obtained from boric acid solu- 
trons: oe 

Borax solution, when added to an aluminium chloride solution, forms a stable 
thixotropic gel.°°’ With aluminium nitrate, borax is said to form Al(BOz2)3,Al(OH)s,- 
4H.0.7°”7 An ‘aluminium borate’ is said to be produced by precipitating a solution 
of 115 parts of borax with a solution of 67 parts of crystalline aluminium sulphate, 
and washing and drying the precipitate.1°°* Mixing 0-2N-AIl(NO3)3 and 0:2N- 
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Naz2B,O7 or -K2B,O7 in volume ratios 2:1 to 1:6 gives white amorphous precipi- 
tates of composition Al,O3,B203,2H2O to 6H20.1727 Alkali borates, digested with 
aluminium fluoride, give insoluble NasAlF, and boric acid in solution.1°°? 

Disodium, dipotassium and diammonium tetraborate solutions react with cad- 
mium chloride solutions to give amorphous precipitates of variable composition. 
After a time, these change into definite crystalline borates such as 2CdO,3B203,7H2O 
and K,0,CdO,4B203,KCI,5H20 °°, or can be converted into [Cd(NH3)3H2O]- 
B,O7,6H20.°%9° Dipotassium tetraborate, boric acid and cadmium sulphate react in 
solution to give K2z0,CdO,6B203,10H2O, which forms rather rapidly at 50°C.°* 

With an excess of borax, solutions of cobalt, magnesium, manganese or nickel 
salts give amorphous precipitates of varying composition, which will dissolve in 
boric acid and form the crystalline hexaborates MBgO;0,7H2O in a day or two.11974 

Cobaltous chloride solution added to borax solution gives amorphous CoB2Qu,,- 
3H2O which changes to CoB20,,2H2O on ageing.!?23 With an excess of borax the 
precipitate contains more boric oxide. If boric acid is present, CoBgQio,8H2O is 
formed.11°74 When cobaltous chloride solutions are added to potassium borate 
solutions having a_pH above 8 with good agitation, amorphous CoB20.,,3H2O is 
formed which changes to CoB2,0.,,2H20O. If the pH of the borate is 7 to 8, K20,- 
CoO,6B203,11H2O 28° 11°74 is formed, and if the pH is below 6, crystalline cobalt 
hexaborate, CoBgHio,8H20O is formed.?®° 

Cupric chloride solution with borax gives a copper borate which has the composi- 
tion 3CuO,2B.03,3H2O at first, and changes to 2CuO,B203,H2O over a period of 
time.?°°4 A crystalline sodium copper borate having the composition 2Na.O,- 
4CuO,9B203,38H2O has been prepared.’°? A study of the reaction of potassium 
tetraborate with copper salts has been made.?7° 

Ferric borate sols, positive or negative, can be made by adding borax solution 
to ferric chloride solution and dialyzing or dispersing under various conditions.®°?° 

Sodium metaborate reacts with gadolinium °®*“ and lanthanum?°®8’ in solution 
to form the metaborates; these metals have been determined by conductometric 
titration with sodium metaborate in 50% ethanol.®°?4: 1°87 

Solutions of K,0,2B,03 or Naz20,5B203, added to lead chloride, bromide or 
iodide solutions gave precipitates of the composition PbX2,PbO,B203,H.20.°°° 

Borax solutions react with solutions of manganous salts at room temperature 
to give amorphous but easily filterable borates of manganese, having a variable 
composition depending largely on the ratio of the reactants.°?° If the molar ratio 
B.O3: Mn of the reactants is 1:1, the precipitate has the molar ratio 1-24:1; if the 
molar ratio of the reactants is 2:1, that of the precipitate is 1-:57:1 
(2MnO,3B.203,aq).2?°"“ Further, if the molar proportions Bz.03:Mn:KOH of 1:1:1 
are taken, the precipitate has the molar ratio (B203: Mn) of 1-03:1.11°74 K,B,O,7- 
boric acid solutions, with manganese or dimanganese hexaborate, give crystalline 
K.O,MnO,6B.03,11H207!°74, but a better method of preparation uses boric acid, 
manganese chloride, and potassium hydroxide.1?°’* Borax has no effect on the 
atmospheric oxidation of manganous hydroxide.??? 

Mercuric chloride with borax forms a red precipitate of basic mercuric chloride.**+* 

Dilute sodium borate solution gives an intense blue, ‘boromolybdic blue’, when 
a sulpho-molybdic reagent is added and reduced. A mixture of sodium borate, a 
mineral acid, alkali molybdate and ether, agitated in sunlight, gives the same pro- 
duct. When purified by extraction, the boromolybdic blue is not stable; sodium 
borate added to its aqueous solution, prevents its decomposition.+®° 

Borax and nickel salts give products of variable composition, depending on 
conditions.11°74 Borax, mixed with a 0-1N solution of nickel chloride gave a precipi- 
tate of NiO,B.03,3H20O, which changed to NiO,B2O3,2H.O after ageing.???° 
Nickel chloride solutions 0-1M or stronger gave 2NiO,3B.O3,aq.°2° When borax was 
added to a solution of nickel sulphate in concentrated ammonia at 80°—90°C and 
the solution was cooled, Ni(NH3)4BsO7,4H2O crystals were formed.*°°“ When borax 
was added to a warm nickel sulphate—boric acid solution, NiBgOQio,10H2O was 
formed.*?° 
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When a solution containing boric acid and silver nitrate is titrated with sodium 
hydroxide, the first precipitate is white silver monoborate, AgBO,. When larger 
amounts of hydroxide, approximately equal to the borate present, are added, a 
brown silver oxide precipitate is formed.®** When silver nitrate is added to borax— 
boric acid mixtures in which the B,.03:Na2O molar ratio is greater than five, the 
precipitate has the composition Ag,O,2B.03,2H20.'°9? Recent work indicated that 
a phase of composition Ag2B,07,xH2O was apparently stable, and that there was 
evidence for the neutral complex AgBO, in solution.*224 A white precipitate, which 
occurred in the more acidic solutions, was amorphous to X-rays.°224 

Sodium metaborate and thallous nitrate solutions, mixed in equimolar propor- 
tions, give Tl20,B203,H20.7*® Borax and thallous nitrate solutions give T1,O,- 
2B.03,2H.2O.7*8 

When a borax solution is added to a thorium nitrate solution, an amorphous gel 
is formed, which when fired forms thorium borate and thoria.11974 If the gel is 
dialyzed, a clear, colourless sol is produced.°?® 

A mixture of hot 0-1M borax solution and hot 0-15M zinc nitrate solution was said 
to form crystalline ZnO,B.O3,H2O after standing for one day11°, but the existence 
of this compound could not be confirmed by other authors who obtained only 
amorphous products when borax and zinc sulphate (B/Zn = 2, 4 and 6) were used.*814 
Borax reacts with zinc sulphate solution and zinc oxide (or zinc oxide produced in 
situ by adding sodium hydroxide) to form 2ZnO,3B,03,7H2O at room tempera- 
ture*°?14 or crystalline 2ZnO,3B20;,3-5H2O at temperatures above 70°C.1195 1199 
A solution containing borax, boric acid and zinc chloride at 95°C will precipitate 
the 3-5-hydrate.119° 119° The 7-5-hydrate has been crystallized in two days from a 
solution containing zinc sulphate, borax, and boric acid in the molar proportions 
1:1:10.77°7* The 7-5-hydrate is said to be formed by adding boric acid to a zinc 
salt solution and then adding somewhat more sodium hydroxide than the amount 
equivalent to the zinc, while the 7-0-hydrate is obtained by adding zinc salt to a 
borax solution.*®!“ A mixture of K2B.,O, and zinc sulphate solutions in the molar 
ratio 3:5:1 gives an amorphous precipitate which crystallizes in 3-4 days to give 
K20,2Zn0,5B203,10H20 7/4 (see p. 397). Borax and zinc sulphate solutions give 
a precipitate which can be converted to [Zn(NH3)3H20]B107,6H2O by treatment 
with ammonium borate and ammonia solution.%9° 

Borax and zircony] nitrate solutions react to form ZrO2,B203,3H20.*% 


REACTIONS WITH SULPHUR, OXIDES OF CARBON AND PEROXIDES 


It has been reported that concentrated borax solution does not react with sul- 
phur 7%? but that dilute solutions dissolve small amounts7?* and become greenish- 
yellow, forming sulphide, polysulphide and thiosulphate as shown by iodine titra- 
tion.”°° Colloidal sulphur dissolves in borax solutions.7° 

Carbon dioxide is absorbed by solutions of K2B,079°9 9794: 961; K,B,0,-KC19°9 
K2B,0,-KB;0,—Na2CO3 °°"; borax—K CI-K B;O0,—Na2CO3 °°; or borax-— 
KC] 98° 962, 9704 crystalline KB;0,,4H2O °° is formed, or a mixture of KB;03,4H2O 
and sodium bicarbonate.°®° The carbon dioxide may be liberated by heating to 
100°C.97°4 A solution containing 31:0 g of K.B.0,,4H.O, 4:3 g of KB;0.,4H2O 
(saturated) and 24-1 g of potassium bicarbonate in 100 ml of water has a vapour 
pressure of 64mm at 30°C and 77 mm at 35°C.9®! Sodium borates in methanol 
react with carbon monoxide to form sodium formate and methyl borate.11?7-® 
Borax reacts with carbon dioxide in methanol to give sodium bicarbonate and methyl 
borate.114® Potassium pentaborate solution with added sodium bicarbonate, carbon- 
ate or hydroxide, after boiling to eliminate carbon dioxide, forms borax and 
K2B.,07,4H2O. These can be crystallized separately.°°* 

Borax solution reacts with sodium hydroxide and hydrogen peroxide at —2° 
to 12°C to crystallize sodium perborate.®?° Sodium metaborate solution, added to 
a hydrogen peroxide solution at 10°-15°C in such a way that the molar ratio H2O.: 
NaBO, is between 1:1 and 1-8, gives sodium perborate with an apparent specific 
gravity of 0-25—0-45 g ml~?. Increasing the molar ratio gives a lower density.?°1° 
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Conditions have been found for producing a pourable, abrasion-resistant pro- 
duct.*°1°4 A better yield and a higher-purity product are obtained by continuous 
mixing of sodium metaborate solution with hydrogen peroxide solution containing 
cadmium sulphate.°®*“ When a solution containing sodium metaborate and hydrogen 
peroxide is passed upward in a column to which fine sodium perborate crystals are 
continuously fed at the top, and kept in suspension by the upward current, the 
crystals agglomerate to form larger particles.*°°® Agglomerates having an average 
bulk density of 0:3-0-6 g ml~* have been prepared.1°°?4 The solution, containing 
magnesium chloride as a stabilizer, may be spray-dried to give sodium perborate 
having a small particle size.9°?4 

Sodium metaborate in the presence of small amounts of water reacts with hydrogen 
peroxide in an organic medium.*°?4 Sodium perborate also may be prepared by 
oxidizing a hydroquinone in the presence of sodium metaborate.1!8? The effect of 
borate on the manganese-complex catalyzed decomposition of peroxide has been 
studied. 194 


ELECTRODE REACTIONS AND ELECTROLYSIS 


Perborates can also be made by electrolysis. In the electrolytic formation of 
peroxides at various anodes in borax-soda solution, current efficiencies indicate 
that the process is first order.?°° In perborate formation in lithium, sodium and 
potassium borate solutions with a platinum electrode, the current efficiency and 
oxidation rate were higher at higher borate and carbonate concentrations.?°° 
Polarization curves have been studied in systems of borates, carbonates, and mix- 
tures°°" and the mechanism of perborate formation has been discussed.113% In the 
electrolysis of aqueous solutions containing both borax and potash, using platinum 
lead, nickel or silver anodes, the highest current yields of peroxide were found with 
platinum anodes.°!°“ The effect of various anode metals on the anode potential, 
current yield and decomposition of the peroxides has been studied in a sodium 
carbonate—borax solution °°® 3°84 and in a potassium carbonate—potassium penta- 
borate solution.%?* The effect of electrolyte composition and current density on the 
current efficiency and peroxide concentration has been studied in mixtures of alkali- 
metal carbonates with boric acid and with alkali tetraborates.1!75 The relation 
between current efficiency and perborate concentration using a platinum anode 
has been studied.°2°4: 1253 

In the anodic oxidation of aluminium in aqueous borax—boric acid solution, the 
formation efficiency was independent of current density.°*74 The formation of 
non-porous anodic films has been investigated.184 119°4> 3514 Jn the electro-reduc- 
tion of oxygen in Naz,B,sO7,-NazCO3 solution many cathodes were investigated. 
The amount of polarization depended on the cathode material.29°4 In anodic 
polarization of zirconium and columbium in sodium metaborate-sodium hydroxide 
solutions, the potential decreased with increase in current density.?° 

The anode polarization curves of iron in borate buffer solutions show an un- 
explained second maximum if the carbon content is above 0:01°%.1237 The effect 
of borax on the electro-reduction of chromate on a dropping mercury electrode has 
been investigated.2°4 123° The anodic behaviour of tin in deaerated borax solutions 
has been studied.’*® The polarization of a tellurium electrode in borate solutions 
at a pH of 7-10 has been investigated.+?%? 

Boric acid has been prepared by electrolysis of borax solution in the central 
compartment of a three-compartment cell. The cathode compartment contained 
dilute sodium hydroxide, and the anode compartment dilute sulphuric acid. These 
compartments were separated from the central compartment by cationic and ionic 
permselective membranes, respectively.1°°° By using a two-compartment cell with 
a cationic permselective membrane, sodium pentaborate?°%°4 and boric acid1+®° 
have been produced from borax. 


CORROSION INHIBITION 
Borax has been found to be a good aqueous corrosion inhibitor for steel and 
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zinc.°” °4? In distilled water, 0:2°% of borax is adequate to prevent rust. In tap water, 
0-:5°%% or more may be necessary, but the amount varies greatly with waters from 
various sources. Films formed on iron by 0:1N borax solutions have been studied 
by electron diffraction and found to consist largely of a cubic iron oxide.®*? A study 
was made of the corrosion of various steels and zirconium alloys in nuclear reactor 
solutions containing borates.°*? Iron passivation potential in borate solutions has 
been studied ?°"4; it decreases with an increase in pH.2°?4 

Studies of the corrosion and passivation of nickel in 0-1N borax have been made.297 
A study of the corrosion inhibition by sodium pentaborate of the (uranium—-8% 
molybdenum alloy)—(mild steel) galvanic couple showed that sodium pentaborate 
reduced galvanic attack.°°° 

Alkali borates inhibit the corrosion of aluminium 2°14: 912, copper and brass 22!4 
in ethylene glycol. In ethanol antifreeze solutions, 2—3°% borax, with added poly- 
hydric alcohol to increase its solubility, inhibits the corrosion of aluminium and 
iron,?28A 

Borax is a constituent of a corrosion and caking inhibitor for sodium chloride 94, 
and the reaction products of sodium borate and hexanetriol?°*14 and of an alkylene 
glycol and alkali pentaborate*’®” are used as corrosion inhibitors in hydraulic 
fluids. Sodium metaborate is a component of corrosion-inhibitor compositions for 
aqueous cooling systems of combustion engines.11® 


HYDROTHERMAL REACTIONS 


The solubility of 3-15 micron particles of quartz in 0-01M borax solution at 
Meer iserie iu. 70, Sox lu. sO, 1 isX10. 1-90. 9 00x10". 100°. 
10-89 x 10-* moles kg~ 7.881184 At 200°-320°C at 60 atm, borax solution will 
dissolve silica and crystallize quartz on a seed crystal maintained in a cooler 
zone.2®?> 512 

At 328° to 515°C borax solutions dissolve corundum. The effect of temperature, 
pressure and borax concentration on the solubility has been measured.*9® Borax 
and boric acid solutions have been investigated for the hydrothermal crystalliza- 
tion of lead titanate, PbTiO3.7°° 

At 175° to 275°C borax solution reacts with calcined lithium-bearing silicates to 
produce dilithium tetraborate in solution.15? 979 


EFFECT OF BORATES ON CRYSTALLIZATION OF OTHER SALTS 


In the non-agitated crystallization of MgSO.,7H2O by cooling, addition of 2% 
of borax decreased the yield to 29 g, compared with 122 g without borax.®°° Borax 
retarded the growth of crystal faces and shortened the z-axis. Borax and sodium 
hydroxide together shortened it still more.®” The activation energy of the adsorp- 
tion of borax on the tetrahedral faces of MgSO.,7H2O has been calculated.9* A 
systematic study of the effect of borax concentration on the growth of MgSO.,7H2O 
has been made. The crystal habit was changed by 1° of borax from the usual 
prismatic to the tetrahedral habit. The tetrahedral faces possess the highest adsorp- 
tion power.°”® 

Borax also decreases the crystallization yield of Glauber’s salt®°°, and retards 
the growth of Rochelle salt crystals on the [210] surfaces.®® Low concentrations of 
borax either increased or did not affect the growth of various faces of potassium 
aluminium alum, but the growth rate of the [111], [100] and [110] faces decreased 
sharply as the borax concentration increased above 20 g of Na2B.O7 per litre, and 
became constant at higher concentrations. The growth rate of the [221] and [211] 
faces decreased uniformly with an increase in borax concentration.®°® The mechan- 
ism of the effect has been discussed.®°5 

Borax caused sodium chloride to crystallize in dendritic form, but it was less 
effective than several other salts investigated.1°° Lithium borate caused lithium 
sulphate to crystallize in dendrites.1°° The effect of borax on the rate of dissolution 
of anhydrous calcium sulphate has been studied.*”° 
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REMOVAL OF BORATES FROM SOLUTIONS 

Borates are extracted from alkaline brines by contacting with a solution of certain 
polyol chelating agents in an organic solvent such as kerosene. A preferred chelat- 
ing agent is 2-chloro-4-(1,1,3,3-tetramethylbutyl-6-methylolphenol.?°*:97° At a pH 
of 3-7 a mixture of organic diols and alkyl ammonium salts has been used.99° The 
borate—diol chelate anion and the alkali cation dissolve in the organic liquid, which 
is then treated with dilute sulphuric acid to extract boric acid.15 154: 416 968, 970 
Borates can also be extracted from dilute brines acidified to a pH of less than about 
1-7, with a water-immiscible B-aliphatic diol dissolved in an organic solvent. In this 
case the borate is extracted from the organic phase by washing with an alkaline 
solution.’2°2 Concentrated magnesium chloride brines have been extracted at pH 
2-6 with certain aliphatic diols or catechols to remove borate values.99”7 A mixture 
of diols with five or six carbon atoms in an organic solvent has been used 8°24, also 
7- to 12-carbon monohydric alcohols in a hydrocarbon solvent.+°244 

Borate can be precipitated with a mixture of lime and magnesia.°°+ When sea- 
water, which contains 4-6 p.p.m. of boron in the form of borate, is treated with just 
enough lime to precipitate all of the magnesium as the hydroxide, practically all the 
borate is adsorbed on the precipitate. When an excess of lime is used, the borate is 
not adsorbed (ref. 1108, 2nd ed., vol. 12, p. 670). A method of producing two grades 
of magnesium hydroxide, with high and low borate content, from seawater, has been 
patented.°°® In this method, magnesium hydroxide containing adsorbed borate 
is precipitated from a stream of seawater. The precipitate is used to adsorb borate 
from a second stream of seawater. The hydroxide precipitated from the second 
stream is then low in borate.°°® The adsorption of borate by magnesium oxide 
has been investigated.”°%4- 1°12 Fine particles of magnesium oxide are more effec- 
tive.”°’ Basic magnesium chloride adsorbs more borate from solution than does the 
hydroxide.’°* To remove borate from natural brines containing 0:05—0:2°%% of boric 
oxide, a mixture of lime and aluminium or ferric sulphate or ferric chloride is added. 
Polyacrylamide improves the precipitation. The precipitated hydroxides contain 
70-80% of the borate. After washing, the precipitate is treated with sulphuric acid 
or ferric sulphate to dissolve the borate. The borate is then precipitated in 1-2 h 
by adding milk of lime to a pH of 8:2.1°14 

The borax concentration in sodium nitrate may be reduced from 0:2°% to as low 
as 50 p.p.m. by dissolving, precipitating with a mixture of magnesia and lime, 
heating for several hours, filtering and crystallizing.°°* 

A calcium borate concentrate has been produced by treating brines, containing 
magnesium and borate, with lime water.1°!2 A calcium-sodium chloride brine, 
containing 0:2%% of boric oxide, has been treated with milk of lime and phosphoric 
acid to recover the boric oxide content. The precipitate, treated with sulphuric acid, 
gives calcium borate and phosphoric acid.!°2% 

Borates can also be recovered from dilute solutions, at a pH above 4 and preferably 
about 7, by forming a borate complex on a solid insoluble resinous polysaccharide. 
The polysaccharide is regenerated, forming boric acid, by means of a dilute acid.104°4 
A process has been patented in which a dilute sodium borate solution is passed 
through a column of granules of the calcium salt of humic or lignin acid, forming 
calcium borate in the granules. This calcium borate is then dissolved with steam.°*® 
Sodium metaborate is selectively adsorbed from borax solution by granules of corn, 
rice and potato starch.*7® 

Borates are adsorbed by clay. When added to some soils, borates are not easy to 
remove completely.*® The retention of borate by clay minerals has been studied as 
a function of pH. Iron and aluminium compounds appeared to be responsible for 
borate retention. Different clays had different retention characteristics.77> The 
adsorption of borate by the clay fraction from a calcareous soil was at a minimum 
at pH 5-2.*° 47 Adsorption on kaolinite increased as the pH changed from 3 to 9.*° 

Hydrated iron oxide adsorbed slightly more borate when the pH was increased 
from 6°3 to 8-23.*° Borates are adsorbed from solution by zinc and calcium glau- | 
conite.°°® Bone charcoal adsorbs boric acid from borax solutions more strongly 
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than it adsorbs the borate ion.°°° Borates are adsorbed from concentrated magnesium 
chloride brines, in 30 min of contact at room temperature, by powdered alumina 
which has been activated at 400°-S00°C. In one case, 91°% of the original boron 
was removed, leaving a concentration of 31 mg litre~+ in the filtrate.1°*! Co-precipi- 
tation of borate with the hydroxides of aluminium, iron, tin, manganese and titan- 
ium reaches a maximum at pH 7 to 9.°924-914,1092 Boron at 2 p.p.m. is largely 
precipitated by a mixture of aluminium and calcium chlorides at pH 8 or by calcium 
chloride and sodium silicate at pH 7.1°° 

Borax in low concentration (about 1%%) in a brine is largely precipitated by reac- 
tion with dihydroxynaphthalene, leaving about 0:3°% of borax in the filtrate.954 

Borax has been removed from solution by means of a permeable cell.99° 

Practically all borate can be removed from salt solutions, containing for example 
11 p.p.m. of boron, by means of Amberlite XE-243 ion-exchange resin.?°94: #644) 1229 
This resin has been investigated for use with irrigation water.11464: 1172 Extraction of 
borate from concentrated brines at pH 7-2°8%4, and from a variety of solu- 
tions 214-740, by a number of ion-exchange resins has been studied. An ion-exchange 
resin based upon N-methylglucamine has a unique specificity for borate.*®* 

When borate ions and silicate ions are adsorbed on a column of strongly basic 
ion-exchange resin, elution with 0:03N and 0-3N-NaOH gives almost complete 
separation of borate from silicate.®°? 

The adsorption of borate from borax—boric acid solutions on Amberlite IRA-400 
and -410 bicarbonate-type and chloride-type resins has been studied.92* Other 
resinous adsorbents selective for borate and other oxyanions have been patented.9% 
A styrene-divinylbenzene resin containing sorbityl groups has been used?!%? to 
recover borates from brine. The borates are removed from this resin by eluting 
with water. 


REMOVAL OF IMPURITIES FROM BORATE SOLUTIONS 


Small amounts of manganese, iron, copper and cobalt may be removed from 
sodium metaborate solutions by adding a chelating agent such as 8-hydroxyquino- 
line and filtering, or by passing the solution through a chelating ion-exchange resin, 
preferably in the presence of a reducing agent such as sodium sulphide or dithio- 
fie. 

Iron may be partially removed from sodium borate solutions by adding a zinc 
salt and a carbonate. The precipitate carries down iron.*°** In a solution containing 
15 p.p.m. of sulphide, the iron content can be decreased by electrolysis to precipi- 
tate iron and iron sulphide.?°®* Iron in sodium metaborate solutions may be re- 
moved by adding a small amount of calcined magnesia to the hot solution and filter- 
ing.?°°® Boric acid may be purified by converting it to sodium pentaborate solution 
by adding sodium hydroxide or borax, filtering the boiling solution, crystallizing 
sodium pentaborate, dissolving it and converting it to boric acid again.1?9 


PHASE EQUILIBRIA IN AQUEOUS BORATE SYSTEMS 


The crystal growth of some of the less familiar hydrated borates such as Suhr’s 
borate (Na2O,5-:1B2,03,7H2O), Auger’s borate (Na2,0,5B203,5H2O), disodium 
enneaborate 11-hydrate (2Na.,0,9B,03,11H2O) and kernite (Na2B,07,4H2O), is 
quite slow even when seed crystals are present, and spontaneous seeding may not 
occur. The crystallization of some of the borates may therefore be disregarded unless 
their supersaturated solutions are to be kept for appreciable lengths of time. 

A review of phase equilibria in aqueous borate systems, including some pre- 
viously unpublished work, appeared in 1964.°°? Other compilations are those of 
Teeple*11®4 and Seidell?12°4, which includes most of the systems in Teeple. Pub- 
lished work on aqueous phase equilibria involving the alkali metal borates is sum- 
marized below. 

LizO-B,03-H.20O, see p. 344. 
LiBO,-H.0O, see p. 344. 
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LizB,07—H2O, see p. 346-7. 

LiB;Os—H2O, see p. 347-8. 

LigB,O7-LiCl-H20. Solubility isotherms at 30° and 80°C were interpreted as 
indicating that LizB,O7,4H2O was the stable borate phase at 30°C and that 
LizB,07,3H2O was the stable borate at 80°C,1°% 7°2 However, in a later study of 
this system, the solid borate phase was identified as LizBsO7,3H2O at 25°C.*9 

LigBsO7,—K2B,0;,—-H2O. The solid phases are LizBsO7,3H20 and K2B,07,4H.O. 
A solution saturated with both of these salts at 25°C contains 2:38°% of Li.B4O7 
and 14-159 of K2B.0;7.*9° 

Li,.B,0;,-K2B,07,-LiCl-K CI-H20.*9* No binary salts or solid solutions were found in 
a study of the solubility isotherms of this system at 25°C. Solid phases are KCl, 
K2B,07,4H20, LiegBs0O7,3H2O and LiCl,H,0.*9% 

Na,O-B,0;-H2O 281A, 619, 619A, 731, 732, 708, 705, 711, 957, 1082, 11204, see pp. 353-7. 

NaBO2—-H20 §?9 11204, see pp. 358-61. 

Naz2B,O7-H20 ®!" 11294, see pp. 359, 361-6. 

NaB;Og—H20 °19 11294. see pp. 359, 375-8. 

NaBO.-NaBO;-H20. Solubility was determined at 18°-50°C.8°7 A double salt, 
NaBOz,NaBO3,4H2O, m.p. 88°C, is stable above 18°C. It is orthorhombic and 
its unit-cell data have been determined.®®’ 

Na2,O-B203;—-NaF-H20. Solubility and pH determinations were made at 25°C, 
and solubility diagrams were drawn for the systems NazB,0,-NaF-H-.O and 
NaBO.—NaF-H,0O from 70° to 200°F.*°" 

Na2B,0,-NaF-H.O. Ina solubility study at 25°C, no complexes were observed.7!® 

NaBO.—-HBO.—NaF-—HF-H20. The phase diagram at 30°C shows the areas of 
borax, sodium fluoride, sodium pentaborate, and sodium metaborate.°°® The 
formula NazB20,,3H2O given in this paper is apparently a misprint for NazBeO.,- 
8H.O. 

Na,O-B,O;—NaClI-H.0O. 48% 1082; 1116 

Na2B,0O7—NaCl- He O. 283A, 510, 1082, 1079 

NaB;O,—NaCl-H.2O. The 20°, 35°, 70°, 80°, 93° and 100°C isotherms have been 
determined: °*°: 21184) 11204 'The ternary eutecticusat<— 22-1 C- 

Na2BsO,—H3BO3;—-NaCl-H2,O0 qt,35 

NazB2O.—-Na2B;9016-—NaCl-NH4CI-NH;-H.0.1°?? 

Nae2B20,-NaClO3—H20. Solubilities and specific gravities of the solutions were 
determined between —5° and 75°C. No double salt was formed.®?® 

Na2,O-B,03;—NaClO;-H20.°"" Solubility isotherms at 5° and 20°C for boric acid, 
sodium pentaborate and borax in this system between the Na2O:B2O3 molar 
ratios 0-15 and 0:25 have been determined in the presence of 5g of sodium 
chlorate per 100 g of liquid water used to make up the solution. The solubility 
peak is decreased and shifted to more acidic solutions in the presence of sodium 
chlorate. 

NazB,0,—Na2SO.-He Ofsss 

Naz2B,07—-B203;—-NazSO.—H20 at 20: Sie 23s 5; 28:5? and 35°Gits* 

Na20,2B203,—-NaCl-MgSO.,—H20.7°® 

Na,O-B,03- CO.- —H,O. R204 

Naz2B,0,-NaHCO;—Na2zCO3;-H2O. Phase diagrams have been given for 25° and 
50°C.%?>®3 Univariant points are: 


Solid phases 


Temperature, °C} Liquid composition, wt-°% 


pas) NazCO3,10H20, borax, trona 
ZS NaHCOs, borax, trona 
50 NazCO3,H20, borax, trona 


NaHCoOs, borax, trona 


Na2B,07—-Na2zCO;-H2O. This system was investigated at 35° 92811204, 309°, 35° 
55°, 60° 85° and at 25° and 50°C.®* At 25°C the liquor composition in equilibrium 
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with both sodium carbonate and borax contains 2:50 wt-°% of Na2B.4O,, and 
23:69 wt-°% of NazCO3. Above 20% NaeCOs3 at 35°C, the system becomes 
quaternary, as trona, NazCO3, NaHCO;3,2H.O, crystallizes.37° 

Na20,2B20;-NaHCO3;—NaCl-H20.11184 

Naz2O,B203—-NaCO;—NaCl-H,20.111%4 

Na2B4O7—Naz2B20.—NazCO3—-NaHCO;—-H,.0.111%4 

Na2B,0,—NazB20.—NazCO3—-NaHCO,;—NaCl-H,20.11184 

Na2B.0,—NasP30;0>-H2O. The solubility of borax in NasP3Oj9 solutions at 30°C 
decreases from 3:23°% NazB,O7 at 1:299% NasP30i9 to 1:91°%% in a saturated 
NasP3QO;0 solution (13-5894 NasP30;0).79° 

Na2B,O7—Na3P0O.,—H.0.119%4 

NazB,O,—Naz2HPO.—NaCl-—H,0.111%4 

NazB20.—Na3PO,—NaCl-H20.111%4 

NazB,0O7—Naz2B20.—NazHPO.—Na3;PO,—-H20.111%4 

Na2BzO7—Naz2B20.—NazHPO.—Na;PO.,—NaCl-H.0.111%4 

NazBsO7—-NaHCO;—-Na2z.HPO.—NaCl-H,0.11154 

Na2B4,0O7—NazB20.—-Naz HPO.—Na3PO.,-NaHCO3;—NazCO;—NaCl-H20.1!1%4 

Na2O-(NH,)20-B,0;—H20.7?! 

NazO-CaO-B2,0;—H20. The solid phases in this system at equilibrium at 25°C 
are H;BO3, CaBgOi0,4H20, 2CaO0,3B203,13H2O (inyoite), CaB.0.,6H.O, 
Ca(OH)2, NaB;O0g,5H20, NazO,2CaO,5B203,16H2O (ulexite), NaBO2,4H2O and 
borax.*®® 4664; 467 The sodium oxide and boric oxide concentrations at which 
amorphous calcium borate will crystallize to form CaB2,0,,4H2O, CaB.O0.,6H.O, 
ulexite and inyoite have been determined at 25°C.7814 The maximum solubility 
of calcined ulexite occurs when the calcining temperature is 200°—500°C. 124° 

Na2Bs4O7-Ca2Bg01:-H20. A schematic diagram showing the phase relations in 
this system, based on geological occurrence and equilibria between borax, ulexite, 
and colemanite, has been published.??? 

Na2,O-B203;-SrO-H20. An outline of this system has been published.?®2 

Na2B,07-Sb2S3;-H20 and NaBO.-Sb2S;-H20. The solubility of stibnite, Sb.Ss3, 
has been measured in borax solutions containing 1-1 to 3:5°% of Na2B.O, at 
temperatures 100°-250°C and pressures 100-1500 bars.°”7°4 The solubility in- 
creases rapidly with temperature and increases at a decreasing rate with increas- 
ing borax concentration, but decreases with increasing pressure. The solubility 
also increases with alkalinity. In sodium metaborate solution at 100 bars pressure 
stibnite solubility increases at an increasing rate with rising temperature.°7?°4 
Orpiment and realgar are also appreciably soluble in borax solutions, orpiment 
reaching 10 millimoles of As2S3 and realgar 0-6 millimoles of AsS per kg of solu- 
tion containing 105-5 millimoles of Na2B,O,7 at 51°C. Orpiment solubility in- 
creased with increased temperature and borax concentration and with decreased 
particle size.°’°4 

Na2B4O7-soap-H20. The effect of borax on the solubility of soap and the transi- 
tion temperature from crystalline to liquid crystalline soap has been determined.®* 

Na2,O-B,O;3-tartaric acid-—H20. Compounds 3Na,.0,B.03,2C,H.0¢,10H2O and 
5Na2O,B203,4C,H40¢,12H20 were crystallized. High viscosity, specific gravity, 
and conductivity were found at pH values near 4, along the lines of cocrystalliza- 
tion of sodium pentaborate-—bitartrate and boric acid—tartaric acid.®?° 

NaB;O,—-Na _ bitartrate-H.O. Addition of pentaborate greatly increases the 
solubility of the bitartrate. The density, conductivity and viscosity were 
measured.®°? 

Na,O-K,O-B20;—-H,0.71!’ Sd 

Na2B,O7-KCI-H,0.5?° 

Na2B.0O7—K2B,407—H.0.°? Eee 

NaBO.—-KBO.-H.O.'°°? 

NaBO.—-KBO.—B203—H20.1°%? 

NaB;O,-KB;O0,—H20.1°8? 

NaB;Og—K B;0O,—NaClI—K CI-H,0.121%4 
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Na2zO—-K20-B2,03—CO2—-H20.1°8? 

NaBO.—KBO,-B,03;—NaCl-KCI-H,0.?°°? 

Na2B,07,-K,.B,07—-NaClI-KCI-H,0.111%4 

Naz,O-K2,0-(NH,).0-B2.03—-H20.7?4 

Na2zO0-K2,0—MgO-CaO-B,03;-H20. Solubilities were studied at 25°-70°C. Seven 
solid phases were observed.1°% 

K,B,07,-KB;0,—K CI-—H,0.111%4 

KBO.—KCI-H20.?°°? 

K,O-B2,03—CO.—H.20.?°82 

K,0-B,03—H.20O, see p. 387. 

KBO,—H.O, see pp. 389-90. 

K.B,0,—H.O, see pp. 390-2. 

KB;O,—H20, see pp. 394-6. 

K2,0—-B203-KCI-—H20.*°? #614: 1082, Adding potassium chloride to the K,0—-B,0,-— 
HO system decreases the pH and the solubility of the potassium borates. The 
solid phases at 25°C are boric acid and the 1:5:8, 1:2:4 and 1:1:2:5 (K,O: 
B203:H2O) compounds. 

K2B,07,-KCI-H20.*9?: °1° 1°82) A solution saturated with K,B,4,0,7,4H.O and 
potassium chloride at 25°C contains 2:90°% of K2B,O,7 and 25-13% of KC1.*9 

K,0-B,03;—KCI-NaCl-H,0.?°8? 

K,B,0,—NaCl-H,0.*?° 

K2B,0,—NaCl-KCI-H,0.°?° 

K,O-B2,03;—NaClI-NH.CI-NH;—-H20.?°°? 

K,0-B,03-CO.—-H,0.?°8? 

K,.B,07—K2CO;—H2O at30°CG927 

K2B40,—K.SO,-H20 at30%@ 22’ 

K.B40,—K.SO,—-K2CO;-H2O at 30°C.9?7 

K,0-—-B2,03;—NaCl-NH.CI-NH;—-H.20. 1°? 

K,0-(NH,)20-B203;—H.20.7!4 

K20—MgO-B.03-—H20 at 25°C.*°” Solid phases were MgO,3B.03,7:5H2O, 
2Mg0,3B203,15H2O (inderite), K2B,07,6H2O, and magnesium hydroxide. No 
double salts were formed in this study*®’, but in another study, K20,MgO,- 
3B203,15H2O (p. 396) was formed in several days by adding magnesium sulphate 
solution to K2B,O;7 solution.11°74 

K20-—CaO-B20;-H20. A _phase-equilibrium diagram of this system at 25°C 
showed areas in which K,0,CaO,4B.03,12H2O, 2CaO,3B203,13H20, CaB2Ou,- 
6H.20O and CaB,0,,4H20 will crystallize. The compound K,0,CaO,4B,03,12H2O 
(p. 396) is formed at about 3-6% K.2O and 3-8% B.Os, and the calcium meta- 
borates were formed at higher ratios of K2O to B2O3 3.7%?) 2814 

K,O-SrO-B,0;-—H2O. K.B.O, and strontium chloride solutions form the ortho- 
rhombic compound K,0O,Sr0,4B203,14H2011°74 (p. 396). 

KBO.-urea—H20. A solubility diagram at 15°, 25° and 40°C has been published 
which indicates formation of solid solutions and the compound 
KBOz2,(NH2)2CO.?*" The ‘residue’ method suggested the presence of anhydrous 
potassium metaborate at 40°C in equilibrium with the solution?1”, but this is 
believed to be incorrect as other studies ®*! have indicated that the anhydrous 
salt appears only above 250°C. 

Rb,O-B,0;-H.20O, sce p. 400. 

RbBO.-H.O, see p. 400. 

Rb2B,0,-H.O, see pp. 401-2. 

RbB;O,—H20, see pp. 402-3. 

Cs,0-B.03;-H20, see p. 405. 

CsBO.-H.0O, see pp. 405-6. 

Cs2B,07—-H20, see pp. 406-7. 

CsB;0,—-H.O, see pp. 407-8. 


Refs. p. 472 


Alkali-Metal Borates: Physical and Chemical Properties 437 
ALKALI METAL BORATE MELTS, GLASSES AND VAPOURS 
Physical Properties 


By fusion of various alkali-metal oxide—boric oxide compositions, liquids are 
formed which, if high in boric oxide content, can be readily cooled to form glasses. 
Starting materials may be mixtures of alkali-metal borates, boric acid and/or alkali 
metal carbonates or hydroxides. Reaction rates and mechanisms have been studied 
in the systems Na2O-B203 and NazO—-B203-SiOz2.7°" A study has been made of the 
process of glass formation in borate systems.°**“ There has been considerable interest 
in these glasses because of the so-called ‘boron anomaly’ which refers to the maxima 
and minima in some of their physical properties, such as viscosity, density, thermal 
expansion and heat content, with changes in composition.?’% ®93-4* Several reviews 
of borate. glasses have been. published.?5*: 447: 517; 8584, 1078, 1110, 1111 


STRUCTURE OF BORATE GLASSES 


The curves for viscosity and other’ properties of alkali borate 
glasses as a function of composition have been explained from a structural 
point of view by Biscoe and Warren and others, on the basis of density, 
thermal expansion and X-ray diffraction studies of NazO-B,O3 and K2O-B.O3 
BLASSOSI Ee ae eer TOA Foy B08 Aa 9785 1169 A review on boron 
coordination in such systems was published in 1962.4**° Boric oxide glass consists 
of BO3 triangles, and silica glass consists of SiO, tetrahedra. In these glasses each 
oxygen atom is joined to two silicon or boron atoms to form a continuous network. 
When alkali-metal oxide is added, the new oxygen atom enters this network. It can do 
this by breaking a Si-O or B—O bond and forming a bond with the silicon or boron 
atom, thus forming two non-bridging oxygen atoms, each with one negative charge, 
and attached to the network by only one bond. This structure would weaken the 
network and decrease the viscosity. In the case of boric oxide the oxygen atom 
of the added alkali-metal oxide can also enter the network by bridging between two 
boron atoms to form two tetrahedral BO, groups. This would strengthen the net- 
work and increase the viscosity. The shapes of the viscosity composition curves can 
be accounted for if it is assumed that the relative number of new BO, groups formed 
by addition of alkali is less at high alkali-contents and at high temperatures. At low 
temperatures, addition of small amounts of alkali metal oxide to boric oxide in- 
creases the viscosity 7°?, hardness, and density”°*, and decreases the electrical con- 
ductivity and expansivity 7°*, since the formation of BO. groups predominates over 
the formation of non-bridging oxygen atoms and thus gives a tighter structure. 
At somewhat higher temperatures, 700°-800°C, the addition of small amounts of 
alkali oxide forms non-bridging oxygen atoms, decreasing the viscosity. As larger 
amounts of alkali metal oxides are added, enough BO, groups are formed to over- 
come the weakening effect of the non-bridging oxygen atoms and increase the vis- 
cosity. As the mole-°% of alkali-metal oxide increases above 33, there is probably a 
change of these boron atoms back to threefold coordination. X-Ray studies have 
indicated that in lithium borate glasses containing 18 and 50 mole-°% of Li.O, the 
boron atoms are largely in threefold coordination with oxygen.**! The sodium and 
potassium metaborate glasses cannot be made because of devitrification, but in the 
corresponding crystalline compounds all the boron atoms are in threefold coordination. 

An interpretation of the viscosity data for Na,O-B2O3 glasses, based on the 
increase in the free energy of activation of viscous flow and refractoriness, agreed 
with this change from three to four in coordination number. This study also sug- 
gested that the compounds Na20,3B.03 and Na2O,B.O3 are formed in the vitreous 
state and that the bonds in the BO, tetrahedra are not equivalent.°°! 

In K,O-B.03 glasses, X-ray diffraction patterns indicated a change from three- 
to four-fold coordination as the KO content is increased to 22°%.29° 

X-Ray evidence indicates that at room temperature the number of boron atoms 
tetrahedrally coordinated with oxygen increases with alkali oxide content in glasses 
containing less than 16:7 mole-% of alkali oxide.°° 79° This region is sometimes 
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called the accumulation region, and the region above 16:7 mole-°% alkali oxide, 
where non-bridging oxygen atoms are formed, the destruction region.?°® Formulae 
have been given for the number of non-bridging and bridging oxygen atoms per 
boron triangle or tetrahedron in these regions?%°, indicating that there should be 
two critical compositions in borate glasses, at 16-7 and 28-6 mole-% of alkali 
oxide.?°® A break in the conductivity curve at about 28 mole-°% alkali oxide has 
been observed.7°94 

Thermal expansion, viscosity and electrical resistivity studies of various alkali 
and alkaline-earth borate glasses have indicated that as the atomic ratio of oxygen 
to boron approaches 2:0, the structure can be represented as consisting of BO3 
chains which are occasionally cross-linked. This model is in agreement with the 
theories of Zachariasen and of Biscoe and Warren.*’? Volume expansion studies 
also suggest that as alkali oxide is added, formation of four-coordinated boron 
predominates below 18 mole-%% alkali oxide and formation of non-bridging oxygens 
predominates at higher alkali concentrations.°°* 

Warren ®** showed that at compositions between 0 and 13 mole-°% Na2O, addi- 
tion of sodium oxide to boric oxide had the same effect in decreasing the thermal 
expansion coefficient as addition of silica to boric oxide, when compositions were 
expressed in terms of the average coordination number, assuming the change of as 
many borons as possible to tetrahedral coordination rather than the formation of 
non-bridging oxygens. Above 13 mole-°% NazO, however, the expansion coeffi- 
cient of Na,O-B.O3 glass increases with increasing sodium oxide, while that of 
silica—boric oxide glass continues to decrease. This was ascribed to the formation 
an increasing number of non-bridging oxygens above 13 mole-°% Na.2O. 

Equilibria in the molten system NazO—-B20;—NaCl agree with the formation of 
BO, tetrahedra as sodium oxide is added to boric oxide up to the composition 
Na20,5B203; they also agree with the formation of BOg3 groups at higher sodium 
oxide concentrations.'1*° 

Rules have been proposed for the structure of borate glasses: (1) BO, tetrahedra 
cannot be bound to each other; (2) each BO; triangle cannot be bound to more 
than one BO, tetrahedron; and (3) non-bridging oxygen ions occur in BO; groups 
only and not in BO, groups.’’°!4’°? An improved theory for the structure has been 
derived, based on rules (1) and (3).® 

The presence of diborate molecular aggregates in M20,2B2O3 glasses has been 
inferred from the deviations of the nickel oxide solubility curves from ideality.®°4 

Abe? discussed the density, expansion, refractive index, molecular refraction and 
viscosity of NazO-B2O3 glasses in terms of the formation of groups consisting of 
one BO, tetrahedron with four BOs triangles attached to it. This explanation was 
revised in terms of the ‘structon’ theory, a structon being a specified atom in a 
given environment of neighbouring atoms.*4?-* The structons present in borate 
polyions and differences in the structure of glasses and crystals have been discussed 
in terms of this theory.?4 

Infra-red spectra of polymerized borate groups in crystals show some relation- 
ship to the spectra of borate glasses, indicating the presence of borate groups in 
the glass phase.**® **4-® Interpretation of these spectra in the light of known crystal 
structures suggested that boric oxide glass consists of boroxol groups in two inter- 
penetrating networks and that addition of one sodium oxide ‘molecule’ to boric 
oxide forms one triborate group and one pentaborate group. At 20 mole-% alkali 
oxide the structure would then consist mainly of two interpenetrating networks of 
these groups, which gradually change to diborate groups as the alkali oxide is in- 
creased to 33 mole-°%.**° 

It was found that high pressure did not affect the boric oxide anomaly7°®-°; 
thus if the anomaly is caused by a change in boron coordination, high pressure did 
not produce any significant change in the boron coordination number. K,0—B,03 
glasses densified under 25 kilobars had the same fraction of boron atoms in four- 
coordination as in the original glasses, according to n.m.r. studies.118 

Vapour pressure studies in the molten Rb2O-B,O3 system’, showing an RbBO,} 
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activity close to zero at 0 to 16 mole-’% Rb.O, and an increasing RbBOz activity 
above 16 mole-%%, have been interpreted as indicating that tetrahedrally coordinated 
boron atoms and bridging boron—oxygen groups are formed below 16 mole-°% 
Rb2O and non-bridging boron—oxygen groups were formed above 16 mole-°% Rb2O 
at high temperatures, in agreement with the theory of Biscoe and Warren.®° At 
room temperature, however, infra-red studies11*+ indicate no abrupt change at 
16 mole-%, but show the formation of tetrahedral BO, groups up to at least 33 
mole-%%, in agreement with the theory of Krogh—Moe.**® ®°? Both vapour-pressure 
and infra-red data thus agree with the assumption that increasing the temperature 
decreases the number of tetrahedral groups. Infra-red studies also indicated that 
the number of BO, groups, boroxol groups and > B-—O groups increases uniformly 
with Rb2O content up to 28 mole-°%% Rb2O and more rapidly from 28 to 
33 mole-°%.114* Rubidium, sodium and lithium are similar in their effect on the 
glass structure.'1** In the Na,O-B.2O3 glasses, infra-red spectra showed the maxi- 
mum concentration of four-coordinated boron atoms at 7 wt-°% Na2O when heat- 
treated for 2 h at 600°C.218 

Emission and absorption spectra of Na2,O-B2O3 glasses doped with europium 
suggested two types of centres with different coordination.2°° 

Some authors °°°-?: 447 hold that in lithium borate glasses, X-ray methods are not 
accurate enough to prove what coordination changes occur, and some X-ray studies 
of these glasses have shown no evidence of four-coordination.**+ At one time the 
suggestion was made that the change in boron coordination was from four to three, 
rather than from three to four, when alkali oxide was added to boric oxide.2°°-2 1169 
However, n.m.r. studies indicate the formation of BO, groups when lithium oxide ®°8, 
sodium oxide??? 2994: 447,772" or potassium oxide®°? is added to boric oxide in 
amounts up to 33-45 mole-%%. The fraction of the boron atoms which are four- 
coordinated, as determined by n.m.r. studies, is almost equal to the molar ratio 
NazO/B203 up to a molar ratio of 0-5, then decreases linearly and becomes zero 
at a molar ratio of about 2-3.7°°4 In K,O0-B20O3 glasses also, the fraction of the 
boron atoms which are four-coordinated is practically equal to the K,0/B.O; 
molar ratio up to 0:5 mole of K2O per mole of B,O3.°°? A re-examination of pre- 
vious n.m.r. studies indicated that in borate glasses, BO3 groups with one or two 
non-bridging oxygen atoms can be distinguished from BOs; groups in which all 
three oxygens are either bridging or non-bridging.*2®“’ 3°9 N.m.r. measurements 
have been used to determine the fraction of borons which are four-coordinated 
in relation to composition, and computer-simulated n.m.r. spectra are being used 
to count the various types of structural units as a function of composi- 
tion.*984- 8294-1171 Ni m.r. studies have also been made on cesium borate glasses 
and crystalline compounds.®?4:1°9! The formation of BO, groups has also been 
confirmed by X-ray methods.®! The relationship between the fraction of four- 
coordinated boron and the oxygen coordination has been developed.?°°4 A partial 
molal volume analysis of a 40 mole-°% NazO plus 60 mole-°%% B.O; melt has indi- 
cated that there are approximately equal numbers of BO; and BO. groups at 
1300°C 8° ©874, in agreement with the n.m.r. results. Methods have also been pro- 
posed for calculating the relative numbers of boron atoms in tetrahedral and tri- 
angular coordination in borosilicate glasses.*4°4 A study of infra-red and n.m.r. 
spectra indicated the presence of B,O#~ groups in Na2,O-B2O3; glasses.77! Struc- 
tural differences between borate glasses and fibres have been studied by n.m.r.174 

Other infra-red absorption studies of Na,O-B2O3 glasses indicated that the 
structure of glasses containing more than 15°%% of Na2O was quite different from that 
of glasses containing 10°%% or less. Hydrogen bonds were shown to play an impor- 
tant part in the structure of glasses of zero or low soda-content.'® Infra-red investi- 
gations have been interpreted as showing that any water in borate glass is present 
as OH groups.°’*“ The band at 2-95 » in Na2B,O, glass is attributed to vibrational 
absorption by OH groups.?+? 

There is a good correlation between the infra-red spectra of crystalline and vitreous 
Na2O,B20s, Na20O,2B20s, Na2,0,4B.20s, Cs,0,3B203 and Cs20,5B203.**° The 


Refs. p. 472 


440 Boron 


spectra of cesium borate and sodium borate glasses are similar, indicating a simi- 
larity in the structures.**® 

Infra-red spectra of sodium borate glasses have been interpreted to indicate that 
there is no single class of coordinated arrangement in the glasses.1°° In NazgO-B2O3 
glasses, the infra-red absorption bands change regularly with Na2,O content up to 
33 mole-°% 1°? and indicate a transition from three-coordinated to four-coordinated 
boron.??” A similar change was shown for Rb2O-B2O3 glasses.11*4 

The structural groups which occur in crystalline anhydrous borates may also 
exist in the corresponding glasses. For example, the correspondence between the 
infra-red spectra of crystalline and glassy anhydrous borax**®, and the small dif- 
ference between their entropies, suggest that the two-ring B,QO, group which exists 
in borax (and probably exists in anhydrous borax) may also exist in glassy an- 
hydrous borax. Also, the Raman spectrum of borax glass bears some resemblance 
to that of crystalline anhydrous borax.??? Similarly the two-ring B5019 group of 
potassium pentaborate and the single ring B30, group of inyoite and meyerhofferite 
may exist in the borate-glass network.**” ESR spectra, induced by y-irradiation, 
also suggest similar structural groups in Na2B,4O7 glass and crystals.119°4 

A consideration of the partial entropies of mixing of borate groups existing in 
crystalline anhydrous borates, the heats of fusion of NazO,2B203 and Na,O,4B2QOs3, 
and the liquidus curve in the NazO—B2QO3 system, has indicated that B3O..5, BgO?5 , 
and B,O27 groups exist in NazgO-B,O3 melts between 5 and 33 mole-% Na2O.**8 
The curves representing the variation of average oxygen volume with composition 
in alkali-borate glasses show some similarity with the phase equilibrium diagrams, 
suggesting the presence of chemical combinations in the glasses.17? Complex borate 
ions in melts have a greater thermal stability than complex silicate ions.°*° 

Other structural explanations of the boron anomaly have been proposed.**’ 
According to one theory, boron has the ability to vary its coordination number 
readily between three and four, thus promoting viscous flow.**? Addition of small 
amounts of alkali-metal oxide to boric oxide at temperatures below about 500°C 
would increase the number of polarizable oxygens, making coordination changes 
less probable and increasing the viscosity.*4’7 There may also be ‘clusters’ of the 
alkali-metal ions.**2-*’ #4” Electrical conductivity of molten borates has been dis- 
cussed on the basis of aggregation of the alkali ions.**® It has also been proposed 
that B,O, cage molecules united by dative bonds are present.°?34 

Another suggested explanation of the boric oxide anomaly is that addition of 
oxide in alkali-metal oxide to boric oxide melts causes binding of boron atoms by 
hydrogen bonds, thus strengthening the framework.®2” Low-temperature heat- 
capacity measurements on Na2O-B.O3 glasses, in agreement with acoustical and 
magnetic studies, were interpreted as indicating that the boric oxide anomaly is 
due to structural characteristics of the borate network and not merely a change in 
the coordination number of the boron atoms.®?® 

Raman spectra have indicated that BO3~ ions exist in molten 3Li,0,B.O3, 
2LigO,B203, SLiz0,3B,03 and 3Liz0,2B.031°%%, that the ions B2,04~, BO§- and 
B;07~ occur in molten 2Li20,B,03'%*-*, and that metaborate melts contain high- 
polymer anions.+*+ 

Paper chromatography and pH titration studies of aqueous solutions of NaBO.— 
NaPOs glasses have been interpreted to indicate that the glasses have chain and 
branched structures.°® 

Studies of pH using LizO—B2O3 glass electrodes have indicated that an increase 
in the LizO content up to 42 mole-%% causes an increase in the concentration of 
four-coordinated boron.°® 

X-Ray studies have confirmed that the metal ions in Cs,O—B2QOx3 glasses are not 
randomly distributed **? but appear in pairs.””° 

Tempered Na2O-B2O3 glass has a more open structure than the same glass when 
annealed.*°* Ultra-violet radiation causes a contraction of an alkali-metal borate 
glass network.®?® 

A structural model has been developed which treats alkali-borate melts as poly- 
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electrolytes with atomically inhomogeneous charge distribution, and which predicts 
quantitatively their conductivity isotherms.°°! The idea that the liquid state is a 
dynamic combination of micro-regions has also been applied in detail to silicate 
and borate melts.1?°! 

On the assumption that the entropy of fusion of salts is about 3 g cal per ion 
formed, molten lithium metaborate would contain more than two ions.®° 

A rapid shift in the absorption edge at about 2000 A in the composition range 
15-20 mole-% M20 has been attributed to the formation of non-bridging oxygen 
ions.°*’“ Colour-centre studies have indicated that a detectable proportion of non- 
bridging oxygen ions appears at about 15 mole-°% M.O. A study of absorption 
spectra indicated that in alkali-borate glasses of high boric oxide content, the pro- 
portion of BO, groups does not exceed one-fifth of the total number of B—O 
groups.°?94 

The molar freezing-point lowering of lithium metaborate by excess lithium or 
boric oxide approaches zero as the concentration of excess oxide approaches zero. 
This is considered to indicate that molten lithium metaborate dissociates to form 
2Lit + O?- + B.O3.°7° 

A review on boron coordination in alkali-borate glasses was published in 1962.44 
A 1969 review °°®4 of the boric oxide anomaly has indicated shortcomings in current 
theories. A series of papers by Weyl reviews the chemistry and effect of borates in 
glass technology.9°°-? 


STRUCTURE OF MOLTEN SYSTEMS CONTAINING OTHER OXIDES OR SALTS 


System LizO—B2,03—Al203. Two regions having different structures have been 
identified, based on a study of physical properties.'*° 


Systems NaBO.2—-NaCl and LiBO,-NaCl. Experiments on the lowering of the 
freezing point indicate that sodium metaborate ionizes into more than one particle, 
and that lithium metaborate and borax ionize into more than two units when dis- 
solved in sodium chloride. This indicates that the borate ions are partially dissoci- 
ated, probably forming oxygen ions.??4 


Systems NazBgO;3-KCl and-KBr. The lowering of the freezing point of potassium 
chloride and bromide by dissolved NazBgO;3 corresponds to 6:8 boron atoms per 
particle, by dissolved Naz2B,O7, 3-4; by NaBOzg, 1:8; and by NasBOs, 1:05. From 
the result with Na2Bg,QOj;3 it is inferred that although most of the borate ions in this 
solution have the Bg0?} formula°”*, there are both smaller and larger ions present. 
The results with the other compounds have been interpreted in terms of borate-ion 
equilibria.°”* 


System Na2BgQOi3-KF. The freezing point depression of molten potassium fluoride 
by dissolved Na2BgO.3 corresponds to 1:7; NazB4Qv7, 2:5; NaBOs, 1:2; and NasBOs, 
1:0 atoms of boron per particle, indicating that > B—F bonds are formed.°”* 


System NaszB20;-KCI-KF. In KCI-KF melts with a low potassium fluoride 
content, 2Na2,0,B.03 gives a freezing point indicating an association between 
fluoride and borate to give fewer ions than in KCI-KBr melts.°”* 


System NazO-B,O0O;-NaF. N.m.r. investigations have indicated that three types 
of four-coordinated boron atoms, with BO2, BO3F and BO2F2 configurations, are 
present.*!4 


System NaBO.2—NaF. Freezing-point studies indicated that in fused sodium and 
lithium metaborates the metaborate ion is somewhat dissociated °*°, but later work 
indicated that it is not dissociated.’*® 


System LigO-B2O3-SiOz. The extent to which silica is polymerized in LizO—B203- 
SiOz glasses has been measured. The amount of silica having a low molecular 
weight, monomer through tetramer, in LizgO-B2O3 glasses, was 68-74% of the 
total silica. When the melt was crystallized this percentage was decreased.*?° 
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Other systems. Studies of the optical and EPR spectra of nickel oxide in Na,O- 
B20; glasses showed octahedral coordination about the ion sites.917 Nickel (II) 
Square and tetrahedral species are found in alkali-metal borate glasses when the 
alkali oxide concentration is 19 mole-°% or more.®* 

The absorption spectra of K,0—B2O3 glasses containing small amounts of divalent 
cobalt have been studied. The Co*+ ions change from octahedral to tetrahedral 
coordination as the K,0:B.O3 molar ratio increases from 0:25 to 0:5.227 The elec- 
tronic spectra of cobaltous oxide in NagO-B.O3 glasses indicate a change in sym- 
metry around Co?* with increasing sodium oxide content, owing to increasing ion 
activity.°’? A series of NagO—-B.O3 glasses containing 0-30°% of Na2O and 0:1% 
of CoO gave transmission curves indicating a break in the property-composition 
curves at about 15°% Na2O.°® 4! An abrupt rate of change of transmission with 
temperature occurred near the transformation temperature. Potassium borate glasses 
gave similar results.°° 

Optical spectra of nickel oxide dissolved in LizBsO7, Naz2BsO7, K2B.O7, and 
Rb2B,O7 glasses have been studied and interpreted in terms of the structure.®? 

A theory that alkali metals can assume a covalency of four in glasses has been 
applied to the effect of boric oxide content on the colour of NazO-B.O3 glasses 
and the effects of oxidation and reduction.?”® 

Mossbauer, optical absorption and EPR measurements indicate that the co- 
ordination number of Fe** in alkali-borate glasses is four at concentrations below 
0-05 mole-°% Fe2O3, whereas at higher concentrations it is predominantly six.3°° 

An EPR study of copper in sodium borate glasses has been made.®+?4 Optical 
and ESR spectra of NazgO-B2O3 glasses containing 0-5°% of cupric oxide suggest a 
change in the behaviour of the Cu?* ion in the region of 12 mole-°% Na,.O.3!9 
Electron spin resonance of Fe?*+, Cr?* and Mn?* was investigated in NazO-B.O; 
glasses as a function of alkali content.°°* ESR studies of KBO.-K2CO; composi- 
tions are consistent with the identification of the paramagnetic centre as a BO?2- 
i10n, 8304; 1171 

A study of ultra-violet absorption of pentavalent vanadium in Li,O—-B.Os, 
NazO-B203, and K2,O—B203 glasses suggests that the vanadate ion changes to a 
borovanadate ion as the concentration of alkali-metal oxide increases above 24 
mole-’% K2O, 26 mole-% Na2O, or 30 mole-% Li,O.°*14 Electron paramagnetic 
resonance and optical spectra have been interpreted in terms of a vanadyl-type 
structure of fourfold symmetry.*1® 

Radiation-induced colouration and infra-red and ultra-violet spectra of alkali- 
borate glasses containing arsenic trioxide have been used to study structural 
changes.*? The cations which have a higher effective field force, and boron, silicon, 
aluminium and beryllium decrease the oxygen-ion activity and the basicity of a 
molten glass.1%° 

The structures of alkali-metal oxide-B203;3-GeO, glasses?°°4 and of X-ray- 
irradiated Na,gO—ZnO-B.2O3 glasses”°“ have been studied by electron paramagnetic 
resonance spectroscopy.?°94 The properties and structure of Li,O-GeO.—B.O; 
glasses have been investigated.'1®8°-! Viscosity and density data indicate that in 
the NagO-B,03;—GeOz system, the BO, groups are more stable at high temperatures 
than was previously thought.®®7 

Other studies giving information on the structure of alkali-borate glasses are men- 
tioned in the sections below on viscosity, density and thermal expansion, electrical 
conductivity, transformation and softening temperatures, compressibility, and 
optical properties. 


VISCOSITY 


The viscosity-composition curves for alkali-metal borate glasses have maxima 
and minima 231,336, 489, 491,505, 508, 613, 752, 883-4, 886, 1166, 1169 The curves for Li,O- 
B.03, NazgO-B203, and K20—B2O3 glasses”°? are shown in Fig. 18. At 600°—-800°C, 
a small addition of alkali oxide to boric oxide causes a decrease in viscosity. As more 
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Fic. 18.—Viscosity of alkali borates. Triangles = lithium borates; squares = sodium 
borates; circles = potassium borates’°? 


is added, a maximum viscosity is reached, and when still more is added the viscosity 
decreases again. Above about 900°C the maximum does not exist, the viscosity 
decreasing continuously with increase in alkali-oxide content, as is the case with 
alkali-oxide-silica glasses at all temperatures. The viscosity at 800°-1000°C does 
not change greatly over a wide range of composition °° and the initial drop in vis- 
cosity disappears at temperatures lower than about 500°C. At temperatures from 
200°—350°C the viscosity of K2,O—B20Oz3 glasses increases rapidly from 0 to 20 wt-% 
K.O and less rapidly from 20 to 40°%. The change in direction of the curves has been 
attributed to production of non-bridging oxygen atoms.?°° A study of the viscosity 
of the Na,O-B.2O3 system in the softening region indicated that the coordination 
number changes from three to four.®°1? The viscosity of fused borax is 3-3 poises 
at 880°C and increases to 83,750 poises at 590°C.88" Below 660°C the viscosity of 
borax glass is higher than that of boric oxide; above 660°C it is lower.°? There are 
two sharp viscosity maxima in the Na2B,07;—B2O3 system, corresponding to the 
compounds Na2O,3B203 and Naz2O,4B203.°°? Explanations of the viscosity curve 
of melts at temperatures below the liquidus have been questioned because of the 
possibility of crystallization.1??° 

The viscosity changes with change in composition have been attributed to changes 
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in the boron coordination, as discussed in the section on structure, but other factors 
also influence the viscosity.?9! 27% 342,473,752 The increase in density which occurs 
when small amounts of alkali-metal oxide are added to boric oxide would have a 
tendency to increase the viscosity, since there would be less space available for vis- 
cous flow.7° 

It has been suggested that the viscosity maximum near the NazO,4B.03 composi- 
tion may be due to a high average molecular-weight 11*° or ‘degree of aggregation’ 2°! 
at this composition. The reduction of viscosity at increased temperature may be to 
a greater extent due to the lowering of molecular weight by break-up of the polymer 
than to the coordination change of boron.11*° 

Shear moduli and shear relaxation-times were determined in molten alkali-metal 
borate by means of ultrasonic velocity and absorption measurements and by using 
stimulated Brillouin scattering. The results indicated that the relaxation time 
is the principal cause of the maxima and minima in the viscosity-composition 
curvess474 

The relation between viscosity and free volume has been derived. The data sug- 
gest that BO, groups (or groups twice that size) are the flow units in alkali-borate 
glasses, and that the flow units are large in molten boric oxide but decrease with 
increase in alkali-oxide concentration.*®? Internal friction and thermomechanical 
curves for two sodium borate glasses have been determined and interpreted in terms 
of structure.1?°84 The log(viscosity)—-reciprocal temperature curves for various 
B20;-Naz2B,07 melts consist of three straight-line sections, the activation energy 
changing at the points of intersection.°°° Viscosity formulas have been developed 
which apply to the molten systems Na2zB,0,;—B203 and K2B,07—B203.48” In molten 
borax there are two regions of viscosity, one above the melting point and the other 
below it.*®’ The activation energy of viscosity*9! in alkali borate melts increases 
with metal-oxide content up to about 759% M.O, in contrast to the decrease found 
in the alkali-metal silicate systems.111° Measurements indicate that boric oxide 
behaves as a Maxwellian liquid, and Na2B,O, glass behaves as a Bingham liquid. 
The difference in flow behaviour of glassy boric oxide and glassy borax has been 
explained on the basis of structure.’®°4 The rheology of a 8-2 mole-°% Na2O plus 
91-8 mole-°% B2Oz3 glass showed deviations from Newtonian behaviour.7°° 

The influence of tempering Na,O-B2O3 glasses on their viscosity and other 
properties has been discussed.?°4 

Viscosity measurements on molten boric oxide and Na2O-B.O3 at pressures up 
to 300 bars at 350°—480°C have indicated that activation energies of flow at constant 
volume are nearly as large as those at constant pressure, suggesting that flow is 
limited primarily by potential-energy barriers rather than by free volume.’® Effects 
of small additions of sodium oxide, water, and sodium fluoride on the viscosity of 
boric oxide and some binary borates at 380°-470°C at pressures up to 300 bars 
have been determined.’°? Viscosities of NazO—B2O3 melts at temperatures up to 
600°C under pressures up to 400 bars have been studied.°*7“ 

A study of the viscosity of NazBsO;,-NaH2PO,. mixtures at 527°-920°C did not 
indicate compound formation.®®" In the system NaBO.—NaPO3 a mixture contain- 
ing 38 wt-% of NaBO, behaves like a supercooled liquid, and the viscosity increases 
with temperature. A mixture containing 60°% of NaBO2 showed an abnormal vis- 
cosity, characteristic of emulsions.®°? An inflection in the 650°C viscosity isotherm 
coincides with a maximum in the fusion curve at the composition NaBO.z, NaPOs3.°°? 

The viscosity of K2B,O, containing various amounts of lead oxide and bismuth 
oxide has been reported. Bismuth gives a higher viscosity than lead.??° 

A study has been made of the effect of dissolved oxides of aluminium, calcium, 
barium, sodium, and potassium on the viscosity of boric oxide glass.°*? 

Viscosities of Na,O-B2O0O3-SiO2 melts at 900°-1500°F (482°-798°C)*°°, Na,O- 
B.2O3-GeO2z melts at 600° to 1300°C §87, and of Li,gO—-B2,03-P20s, Na2O-B.O;3-P20s, 
and K,0-B,0;—P20; glasses °° have been investigated. 

The viscosity of glasses related to boric oxide has been measured by firing a 
projectile into the molten glass.°9° 
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DENSITY AND THERMAL EXPANSION 

A review of the physical chemistry of simple molten glasses, including a discussion 
of density, was published in 1956.°*” The density is increased when small amounts 
of alkali-metal oxide are added to boric oxide.°1” This density increase is so large 
that the glass sometimes contains more boron than an equal volume of pure boric 
oxide. This is true with NazO—-B2O3 glasses up to about 10°% of sodium oxide.75% 
In LizgO—B2O3 glasses the density increase is greater, and in K2O—B.O3 glasses it is 
less, than in NagO-B.O3 glasses. The density—concentration curve in Na,O-B.O3 
glasses is S-shaped. At 4%% Na2O there is a widening of the oxygen network.79” 
In the alkali-metal borates there are breaks in the curves of the volume of one gram 
ion of O?~, plotted against the composition, corresponding to various existing and 
non-existing compounds.*** The lithium, sodium and potassium borate glasses 
reach a maximum density at 27 to 33 mole-% alkali-metal oxide.11®? At high tem- 
peratures the maximum density at 600°—1000°C is at about 30 mole-°% alkali oxide.7°° 
There is some difference in the density values reported by various observers for the 
alkali-metal borate glasses at room temperature.+°?: 238: 285, 290, 364, 473, 753,797 This 
may be due to variations in the amount of structural water, due to differences in 
the method of preparation, or it may be due to formation of boric acid on the sur- 
face of the glass by absorption of atmospheric moisture.?°° Annealing increases the 
density of Na,O-B.O3 glasses as compared with the same glasses when quenched.??° 
Quenched Na,O-B2O3 glasses which had been melted in vacuo had lower densities 
than quenched glasses melted in air?°°, indicating that the density is sensitive to 
water content. There were breaks in the density-composition curve at about 15 
and 26 wt-°%% Na2O.?°8 The effect of tempering on the specific volume and expan- 
sion has been discussed.*°* Proposed methods for calculating densities of glasses 
from their composition do not apply to binary alkali-borate glasses.7°° 

Density determinations on a variety of borate glasses have been used to calculate 
the apparent molar volume. The apparent molar volume of the lithium borates is 
less than that of the sodium or potassium borates.®!® Density-composition curves 
have been published for NazO-B203, K20-B203 and Lizg0-B2031?*' 774, and for 
Cs,0-B,03.4°4 Density equations have been given®®® and a high-temperature par- 
tial molar volume analysis®®® has indicated that at 40 mole-%% Na2O, at 1000°- 
1300°C, about half of the boron atoms are in four-fold coordination. The specific 
volumes of molten sodium metaborate (NaBO2z) and dipotassium tetraborate 
(K2B,07) have been determined at temperatures from 1000° to 1250°C. At these 
temperatures the volumes for sodium metaborate are 0:524 and 0-566, and for 
dipotassium tetraborate 0-520 and 0-565 respectively.°°® The density and surface 
tension of molten sodium borate systems has been determined at 1100°C.1294 

Density-temperature data have been determined for the molten Rbz,O-B.O; 
and Cs,0—B.2O3 systems in the range 500° to 1100°C.°° °° 

Densities in the molten system Na2,B,0;-MoO3 at 600°-1200°C do not follow 
the rule of additivity.?9” 

From an experimental study of the expansion coefficients of the borate glasses 
of the five alkali metals at — 196° to 25°C it was concluded that the expansion co- 
efficient varies with structure in a generally predictable manner.®°°4 As sodium 
oxide is added to boric oxide, the expansion coefficient at 15°C, which is 14:3 x 10° 
for boric oxide, decreases steeply to a minimum of about 8-64 10~° at about 
85°% B.O31’719, increases to a maximum of about 11:1 x 10~° at 69% B2Os, and 
decreases to 8:05 x 10~° at 57:2% B.Og3.71° For a glass containing 6°7°% of Naz2,O 
and 93-3°% of B2Os, the expansion coefficient is constant at 9-85 x 10~° from 15° 
to 270°C.7!9 It is also constant from 800° to 1200°C in the systems NazB.,0O,—B2O3 
and K.B,0,—B203.1°° In the low-alkali region, expansivity decreased with increas- 
ing temperature, but in the high-alkali region the opposite was true.”°° Other 
studies have been reported.15°: 4”? The specific volumes of NazB,O7—B203 melts 
have been determined at temperatures of 500°-1200°C.®®° The expansion of alkali- 
metal borate glasses is higher if the glass has been cooled slowly.”*” Tempering and 
plastic deformation also affect the expansion.’*? 
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The linear expansion coefficient of LigO-B2O3 glasses containing 82:4 and 87:5% 
of B2.O3 are 9-8 and 11-6x10~° per deg C.’2* The volume expansion coefficient 
has been plotted against the composition for melts of LigO—-B,03°°* 753, Na,O- 
Be, 225 2 Sabes K,0-B,03 °°? 753, Rb,O-Bz203°%%, and Cs,O-B,03.°°4 At 800°C, 
when alkali oxide is added to boric oxide, the expansion increases rapidly at first 
and then remains almost constant until the composition reaches about 18 mole-% 
of alkali-metal oxide.°°* With a further increase in alkali oxide, the expansion in- 
creases rapidly in the order Cs>Rb>K>Na>Li. A suggested explanation of this 
behaviour is that formation of four-coordinated boron predominates as alkali oxide 
is added, up to about 18 mole-%% alkali oxide, and formation of non-bridging oxy- 
gens predominates above that concentration.°°* The expansion coefficient for 
K,O-B203 glass at 200°C also reaches a minimum at 16-20 mole-% K.O and this 
has been interpreted similarly.2°° Other studies on K2O—B.O3 glasses have been 
made.?°? Most Na,O-B2O3 glasses undergo a permanent densification when a high 
pressure is applied. The percentage densification at 40 kilobars and 250°C decreases 
with increasing sodium oxide content from 14:2%% for boric oxide to 6:3°% for borax. 
At 40 kilobars and 25°C the corresponding changes are 5-6°% and 1:4°%.798-9 

Density data have been determined for NagO-MgO-B,O3 °°?) °°°, LisO-MgO- 
B,03 S837 5523 3 K,0—-MgO-B,03 Bee: 380) Na,O-BeO-B,03 ae 26. K,0-BeO- 
B,03°°°*, and LizO-BeO-B.203°°* °°° glasses, and density and thermal expansion 
have been measured for LizO-—B203;—P20s, NazO-B,03-P20s5, K,O0O-B,0;—P20;5 °?°, 
Li,O-—B2,03-SiO2?9° 11°, and LizO—B203;—Al203—-SiO2 glasses.1?5! 


System LizO-MgO-B2O03. Density data (1:91-2:38) show anomalies attributed to 
the formation of compounds such as magnesium borates in the glass.54% 552-556 


System LizgO—-Bz03-Al,03. The thermal expansion coefficients of Li,O-B,O3- 
Al.O3 glasses at 20°—400°C were found to agree closely with those calculated from 
the compositions of the glasses and the thermal expansion of the oxides. Low co- 
efficients were not obtained in this system.®® Adding alumina to LizO0,4B.03 causes 
a substantial decrease in the thermal expansion coefficient.1*° Below the transforma- 
tion region, aluminium reduces the thermal expansion. Above this region, it in- 


creases it.4° 
Systems Na2SiO3-B203 and NaBO2-SiOz. The density and thermal expansions of 
these systems have been determined.?°®° 


System Na2zO-SiO.-B203. The density-composition curves were similar to the 
refractive index curves.°*° 11884 


System NazO-B20;-GeOz. Interpretation of density and viscosity data indicate 
a fairly broad stability region for BO, tetrahedra.®®’ 


System NazO-B2,0;-PbO. The effect of thermal treatment on the density was 
determined.*°*? 

System NaBOzNaPO3. This system from 600° to 1000°C shows a minimum vol- 
ume corresponding to the composition NaBO., NaPO3.*9 


System NazB,O07-KPO3. At 650°-1200°C there is a contraction at Na,B,O, con- 
centrations from 16 to 64 mole-%%.*9% 


System Na2O,4:5B20;-As2O03. The change in slope of the curves of density against 
percentage of arsenic trioxide may be related to structural changes.°? 


System Cs2.O0-B203-PbO. The coefficient of linear thermal expansion was deter- 
mined at 20°—120°C.8? 


THERMAL AND ELECTRICAL CONDUCTIVITY 


A review which included a discussion of conductivity was published in 1956.57 
The thermal conductivity coefficient of molten borax changes almost linearly from 
3°24 at ‘750°C 'to'4-52 keal m=* h-* dég :G- Anat 9501C.723* 
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The electrical conductivity of borax decreased with loss of water as the tempera- 
ture was increased to 350°C. The conductivity of the resulting amorphous anhydrous 
borax increased slowly with temperature up to 575°C, where crystallization oc- 
curred.?*° The specific electrical conductivity of molten borax is much less than that 
of salts of most other acids.°?% In a log K versus 1/T diagram, a straight line con- 
nects the points between 660° and 480°C and another straight line connects points 
at lower temperatures. The two lines intersect at about 480°C.®2 At 270°-300°C 
the conductance of borax glass is due entirely to the sodium ions, which have a 
transference number of 1:02 + 0-2.°9° 

Theoretical studies of the conductivity of molten Na,O-B.0; and Na,O-SiO,. 
glasses have been made.*? The conductivity-composition curves of the molten 
LizO-B2,03, Na2zO-B203; and K2O-B2O3 systems, determined at 700°—900°C 752, 
do not show a ‘boron anomaly’. The conductivity at 600°-1000°C increases rapidly 
with alkali content up to five equivalents of alkali per litre and increases less rapidly 
with further addition in alkali.7°* The conductivity of Na,O-B.O; glasses®®! at 
298°-674°C was found to increase with sodium oxide content.®°> In other experi- 
ments, however, at temperatures below 370°C, the conductivity of boric oxide is 
decreased by addition of small amounts of sodium oxide but increased by addi- 
tion of larger amounts.®°!'7°° There is a sudden increase at 4°% Na.O.797 A break 
in the conductivity curve at about 28 mole-% of alkali has been observed.7594 
Discontinuities have been observed at compositions corresponding to compounds.7°% 
In NazO-B203 and K20-B.O3 glasses at various temperatures there is a maximum 
specific conductivity at 20% Naz2O and at 15% K,.0.*°® The conductivity-tempera- 
ture curves for NazO—B2O3 glasses show fairly sharp breaks in the region of transi- 
tion from liquid to glass.7°° Curves have been published showing the resistivity in 
the Rb2O-B20; and CsgO-—B.O3 systems as a function of temperature, and conduc- 
tivity as a function of alkali concentration.®°’ In the molten systems Rb,O-B.O3; 
and Cs,0-B20; at 700°-900°C the conductivity increases very rapidly with alkali 
content up to one or two equivalents of alkali per litre.°°” °° Above two equivalents 
of alkali the conductivity increases at a slower, constant rate with increase in alkali- 
metal content. This behaviour has been attributed to a change in the structural 
configuration.°°” 

A structural model has been developed which predicts quantitatively the conduc- 
tivity isotherms of the alkali borates.°9! 

There is a parallel between the electrical conductivity and the dielectric proper- 
ties.°°° Activation energies for conduction in the molten alkali-metal borates have 
been shown to be almost independent of the size of the alkali-metal ions.517> 1169 
The equivalent conductance increases with electrolyte concentration 592, in con- 
trast to the behaviour of electrolytes in aqueous solution. 

The conductivities of LigO-Bz03, NazO-B2,O3 and K,O-B.0; melts containing 
up to 50 mole-’% of alkali-metal oxide have been measured and represented by an 
equation.°°? Theoretical studies have been made.°°° The effect of both temperature 
and pressure on the conductivity of simple borate glasses as a function of tempera- 
ture and pressure up to 5000 lb in~? has been measured, indicating that both the 
activation energy and the activation volume for conduction reached maximum 
values at temperatures near the glass transition point.®%® 

For the molten alkali-metal borates there is a linear relationship between 
log(resistivity) and log(viscosity).°2 The slope d(log resistivity)/d(log viscosity) 
varies from 0:8 to 3:0, depending on the nature of the alkali-metal oxide, and in- 
creases linearly with alkali-metal oxide content.1!®° The resistivity increases with 
the volume of the cation. 

The conductivity and viscosity of NagO-B2O3 melts have the same dependence 
on temperature.°** At 290°-650°C the temperature coefficient is the same in amor- 
phous and crystalline states.41” 

The conductivity-temperature curves of cooling Na,O-B.O3 melts show a dis- 
tinct change in slope, which has been attributed to sub-liquidus liquid-phase separa- 
tion.®°° Other conductivity studies have been published. 4334: 473. 541 
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In the LigO-K20-—B203 and LizgO-Na2,O-B2O3 systems there is a minimum con- 
ductivity at equal concentrations of the alkali oxides.°*° This is also true in the 
Na2O-K20-B203 system at 100°—300°C.12° The mobility of the cations was much 
higher than that of the anions. The transport numbers of Na* and Kt were the 
same.°?% 


System NazO-B203;-Ag2,O0. Conductivity measurements in this system have indi- 
cated that the Ag* ion is not bonded to the oxygen ion in the melt, but is free to 
move in the melt like Li*, Na*, and K*.*?* There is a conductivity minimum at 
the Ag: Na ratio 1:4.5°” 


System K2O-B20;-Ag20. A minimum in the conductivity at 250° and 300°C 
appears at Ag:K=1:4.°%° °88 The conductivity is higher than in the Ag,O-B,03 
and K20-—B203 systems at high silver oxide concentrations.5*° 


System NazO-BaO-B203. The conductivity due to sodium is decreased by large 
concentrations of barium oxide.*°*° 


System LigO-B203-Al,03. The conductivity and its thermal coefficient have been 
determined for various compositions in this system.1*° 


System LizO-B203-SiOz. The conductivity at 20°C has been determined for vari- 
ous compositions in this system and for related four- and five-component sys- 
tenis. 


System NazBs0O,-MoO3. The effect of temperature and composition on the con- 
ductivity was investigated.29° 


Systems NazB,z07—-NaCl and NazB,0,—NaF. The conductivity increases with the 
concentration of the halogen salt, but the temperature coefficient decreases.7%4 


TRANSFORMATION AND SOFTENING TEMPERATURES 


The transformation temperature (temperature of inflection of the physical property 
curves) has been determined in Na,O—B.Oz glasses at various compositions between 
0 and 43 wt-°% Na2.O. Devitrification prevented studies at higher sodium oxide 
concentrations. A maximum exists at the composition Naz,O,2B203.719 The trans- 
formation temperature of Na,O-B2O3 glasses, determined as corresponding to a 
viscosity of 1-86 x 10*® absolute units, increases from 245° to 410°C almost linearly 
as the composition is changed from boric oxide to NazO,4B20; °°4-> 384, increases 
about 20° more from Naz20,4B203 to Na2O,2B2O03, and then decreases slowly with 
further addition of sodium oxide.*°*-> Transformation temperatures, as determined 
by measurement of elastic vibrations of the cooling melt, show maxima of 425°C 
at 0-153 moles of sodium oxide per mole of boric oxide and 487°C at 0:333 moles 
of sodium oxide. There was good agreement with results determined by measuring 
the viscosity.48? 

The softening point of K20—B,O3 glasses has been determined.!°° Transformation 
and softening temperatures in K2O—B2O3 glasses increase rapidly as the potassium 
oxide content increases from 0 to 20 wt-%; as the potassium oxide is increased 
further, there is a small increase.?9° 

The effect of tempering on the transformation temperature has been discussed.?°4 

The temperature of maximum damping of mechanical oscillations in alkali- 
borate glasses is increased by tempering, slow cooling and plastic deformation.’*? 

The lowest temperature at which movement of structural units occurs in lithium, 
sodiurh, potassium and cesium borate glasses has been determined by expansion 
and differential calorimetry experiments. The congealing temperature increases 
linearly with alkali-metal oxide content. With slowly cooled glasses the congealing 
temperature is higher during heating than during cooling. In quickly cooled glasses 
this temperature is the same during heating and cooling.?® 


System LigO-B,03-Al,03. The transformation and softening points are at a 
maximum at a LizgO:B.O3 molar ratio of 0-5 and at 0 to 10% of Al.O3.1*° 
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System LizO-B203-SiOz. Softening temperatures have been determined by inter- 
ferometry.116 


System LizgO-B2O3;-Al,03-SiOz. Deformation temperatures have been re- 
ported.1251 


System NazO-B20;-PbO. The devitrification and softening points have been 
determined.®*2 


System Cs2O-B20;-PbO. Softening temperatures in this system were found to be 
20. 10t250°C."* 


SURFACE TENSION 


A review including a discussion of surface tension was published in 1956.517 A 
tabulation of published surface tension values gives 264-8, 201-6 and 136-6 dynes 
cm~? for lithium, sodium, and potassium metaborates, respectively at their melting 
points. 7° 

The surface tension of sodium borate systems has been determined at 1100°C.1234 

As lithium, sodium, potassium, rubidium or cesium oxide is added to 
boric oxide at temperatures between 700° and 1200°C, the surface tension 
increases, *99* 908; 517,751,1169 At 900°C, in the case of the potassium borate system, 
the surface tension reaches a maximum at 30 mole-°% K2O; the other curves prob- 
ably do also at concentrations higher than those investigated. The cesium curve 
reaches a maximum at about 25° Cs20.°°% With less than about 15 mole-°% of 
LizO, NazO or K2O the temperature coefficient of surface tension is approximately 
equal to that of boric oxide, which suggests that the surface consists largely of boric 
oxide. This conclusion is in agreement with the tendency of molten borates to 
separate into two liquids, one of which is nearly pure boric oxide.”®! In the alkali- 
metal borates the latter phase can be considered as confined to the surface. The 
relations among the surface tension, binding energy, crystal lattice-energy and 
ionic or covalent radii in the series LiBO.-NaBO.-KBOz at 1200°C have been 
discussed. °?? 

A study has been made?*?®° of the wettability of metals by molten sodium borate 
(Na,0,3B20;). The contact angle changes over a period of time, indicating that a 
reaction is taking place. If potassium iodide is added, molten sodium borates do not 
wet platinum.°*® The surface tension of molten borax is significantly decreased by 
adding potassium chloride, greatly decreased by potassium fluoride, and only 
slightly decreased by adding boric oxide.®*°4 

The surface tension of NazB,0;-MoO3 melts has been determined as a function 
of temperature and composition.?°° Molten lithium metaborate in vacuo formed 
drops on platinum, but when oxygen was present it formed thin films.2°? 

The cohesion between freshly fused spheres of borax glass corresponds to a sur- 
face energy of 69 ergs cm~*. The cohesion in air is thought to be due to a film of 
water, since in a vacuum or dry air the cohesion is decreased to about one-third.115 
Molten borax may be blown into a mineral wool which, after coating with a resin, 
is suitable for neutron shielding and thermal insulation.°*° 


HARDNESS 


The maximum diamond pyramid hardness in the NazO—-B,O3 system was ob- 
served to occur at Na2,O:B203 molar ratio 1:5.° In another study, quenched 
Na2O-B203 glasses showed a maximum diamond pyramid hardness at about 25 
wt-’%% Na2O.?°° With annealed glasses, the hardness values were higher and the 
highest values were between 17 and 28 wt-°% Na.O. The effect of electron irradia- 
tion on the microhardness of simple borate glasses has been studied.®®?4 In the 
system Na2,O-B20;—-PbO, the effect of heat treatment on the microhardness has 
been determined.°*? 
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ELASTICITY 


Young’s modulus was determined for Na,O-B,03; and Na,O—-K,O-B.0; 
glasses.7**~-? A small addition of sodium oxide to boric oxide causes a large increase 
in Young’s modulus.*** A maximum occurs when the oxygen atom to boron atom 
ratio 1s-1°733°*" 


COMPRESSIBILITY 


Compressibility decreases with increase in alkali-metal content®97 199°; the 
effect is much greater in borates than in silicates. When potassium borate glasses 
were subjected to high pressure (ca 100,000 bars) the molar volume was reduced 
by 8%, the refractive index increased by 2:5—3°%, the thermal expansion increased 
by 0-30%%, and the molecular refraction decreased by 2°%. Infra-red spectra, how- 
ever, agreed with those of the original glasses.°°? Data on compressibility in molten 
LizO—B2O3, as measured by sound velocity, agree with the existence of discrete 
anions at high lithium oxide concentrations.°” 


SOUND VELOCITY 


Measurements of the velocity of ultrasound in NazO-B2O3 glasses indicate that 
the structure becomes stronger as the sodium oxide content increases from 0 to 
25 mole-°%.?”9 The maximum ultrasound velocity is at 25 mole-°% Na2O.27° The 
velocity of ultrasound in LizgO—B.O3 glasses increases from 3000 to 5000 m sec~? 
as the lithium oxide content increases from 0 to 22:5 mole-%, indicating that the 
three-dimensional nature of the structure is increased.®?° Glasses containing lithium 
have a higher sonic velocity and a smaller compressibility than potassium-contain- 
ing glasses.°?® Ultrasonic velocity and absorption and stimulated Brillouin scatter- 
ing studies have indicated that shear relaxation time is the principal cause of the 
maxima and minima in the viscosity-composition curves.7*24 


STRESS 


Ultra-violet radiation causes stress build-up in some borate and borosilicate 
glasses, owing to contraction in volume in the irradiated surface layers. Some 
oxides increase and some decrease the build-up, when added in small amounts. 
Ceric oxide, lead oxide and uranium dioxide in small amounts increase the stress, 
but in larger amounts decrease it.**° In another study of many binary borate glasses, 
stress build-up was observed only in glasses containing lithium, sodium, and potas- 
sium.°°° The mechanism ®”° and effect of additives ®29 have been studied. 


DIFFUSION OF METAL IONS 


Activation energies for diffusion of cesium in Cs,.0-B.O3 glasses, calculated from 
188Cs n.m.r. line widths, increase linearly with increasing cesium oxide content.°®? 
Diffusion coefficients for heavy-metal ions in fused borax have been investigated.” 
The diffusion of silver ion in molten sodium borate was studied by means of 
chronopotentiometry.®°!74 


MAGNETIC PROPERTIES 


Alkali-metal borate glasses are diamagnetic.!?1 The specific magnetic suscepti- 
bility of (probably amorphous) Na,O,5B.03, dehydrated by heating above 200°C, 
has been found to be —0-39 x 10~® c.g.s. units.°°* The magnetic susceptibility has 
been determined for cobaltous and nickel oxides dissolved in borate glass.121 The 
susceptibility of borax glass containing cobaltous oxide decreased at first with time, 
then rose to a maximum and decreased slowly to a constant value.°#® Borax glass 
containing dissolved ferrous and ferric oxides was paramagnetic, but a relation be- 
tween degree of oxidation and magnetic susceptibility could not be found. The 
specimens were ferromagnetic after tempering.2°® Another study has been made 
of the effect of oxidizing and reducing conditions on the magnetic susceptibility 
of sodium borate glasses containing iron oxide at 20°—400°C.#° 

Paramagnetic resonance in borax glass containing °°Fe and ordinary iron (at 
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77 K)?°° and in cesium borate glasses containing copper+24°, have been measured. 
The magnetic moments of Co?*, Ni?*, and Cu?* in alkali-borate glasses are depen- 
dent on the composition of the alkali borate.?7° 


DIELECTRIC PROPERTIES 


The dielectric loss of LizO—B2O3 glasses is higher, and that of Kz0-B2O3 glasses 
is lower, than that of NazO—-B2Oz3 glasses.””° The dielectric loss shows a minimum at 
Naz2O:B203 molar ratios of approximately 0-1°%5% 39°-776 and a maximum at 
30-50 K.°°° In K20-B203 glasses the maximum loss occurred at approximately 
50 K; in NazO-B.2Oz3 glasses it occurred at 35—45°K.?°° Dielectric losses of borate 
glasses containing both sodium and potassium indicated that the presence of the 
two alkali oxides strengthens the glass.°°® Borate glasses containing potassium and 
lithium showed a minimum in loss angle at a K:Li ratio of 28:42.39° 


OPTICAL PROPERTIES AND SPECTRA 


In LizO—B2O3 glasses the index of refraction increases linearly with lithium oxide 
content according to one investigation’??, but non-linearly according to another.724 
For Na,O-B20;*** and K2O-B2,03'77'15° glasses, the relationship is complex. 
Indices of refraction for NagO-B2O3 glasses at 20°C for sodium light have been 
tabulated.°°* The index of refraction—composition curve for quenched Na,O-B,O, 
glass which had been melted in air shows breaks at about 15 and 26 wt-°% Na.O. 
The curve for glasses which had been melted in vacuo do not show these breaks, 
indicating that the water content has an appreciable effect on the refractive index.22® 
The specific refraction, however, is not much affected by the water content or by 
quenching or annealing.*°® The index of refraction of a 70% Na2,O-30°% B.Os glass 
increases with temperature up to 420°C, but there are variations from a straight 
line which are difficult to explain.°?2 The difference between the refractive indices 
of quenched and annealed NazO-B2O3 glasses reached a maximum at the composi- 
tion Na,O:B,03;=1:1, suggesting compound formation. In Na,O-B,O;-SiO; 
glasses this maximum Kebarred at the composition Na2,O: B2,03:SiO,=1:1:2.54 

Molecular refraction studies have been carried out on water-free Na,O-B.O; 
and NazO-B2,0;—NaCl glasses.°?° 

Refractive dispersions have been measured on Na2O,2B203, Na2O,4B.03, and 
boric oxide glasses.°** Indices of refraction were measured on NazO-B.O3 glasses 
which had been pressed at 40 kilobars at temperatures up to 250°C.798 

From studies of the orientation double refraction induced by flow in molten boric 
oxide and in a melt of the composition 5:52 mole-°%% Na,O-94-48 mole-°% B.Os, 
it was concluded that molten boric oxide consists of small units about 20 to 40 A 
in size. Introduction of sodium oxide into boric oxide causes a decrease in the size 
of these units and decreases the anisotropy.°”* 

The optical spectrum of borax glass **” and the ultra-violet °*74 and infra-red 199: 547 
spectra of NazO-B2O3 glasses have been studied. The wavelength of the ultra-violet 
absorption edge increased sharply between 15 and 20 mole-°% LizO or K,O, indi- 
cating a sharp increase in the amount of non-bridging oxygen.°*74 

Induced optical and electron spin resonance spectra were studied in a series of 
alkali-metal borate®°” and K,0—B.O3 glasses.324° 11914 

The ESR spectra of NazO,4B.03 glass have been studied after gamma-ray and 
ultra-violet irradiation.*°? ESR examination of gamma-irradiated Li,O-B.O; 
glasses showed a previously unreported structure in the spectrum.29° As the alkali 
content of alkali borates is changed, there appears to be a correlation between the 
change in structure and the formation of magnetic centres by gamma-rays.!!92 

Radiation-induced colour centres in crystalline and amorphous borax have been 
studied by optical, electron spin resonance, thermoluminescence spectra and thermo- 
luminescence glow curves.®°°“ The formation of defects stable at room temperature 
is more efficient in glasses than in crystals. Radiation-induced colour centres have 
been correlated with structure in alkali borate glasses, by means of optical and 
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ESR spectra.**°! A paramagnetic defect, which may be of use asa probe of the 
structure of the alkali-metal borate glasses, was observed in ESR studies after 
X-irradiation at cryogenic temperatures.2994 

Borax glass coloured by exposure to radium does not give a photoelectric current. 
Its absorption spectrum has a maximum at 545 mu.8®° The thermoluminescence 
of gamma-irradiated fused borax has been studied by ESR.11934> 85 

Indices of refraction have been measured for glasses in the systems LigO-B,03- 
P2035, Na2O-B,03-P205, K2O-B2,03-P205°!°, Li,OQ-MgO-B.2O,°5? 55§ Na,O- 
MgO-B203 °° °°, K,0-MgO-B203°5” 5°, LizO-BeO-B2O3 °°? 55°, Na,O-BeO- 
B203°°4' 5°, K,0—-BeO—-B203 °5> 55° and NazO—-B,03-SiO2.°“ Substitution of small 
amounts of boric oxide for silica in NazO-B203-SiO. glasses increases the index of 
refraction to a maximum at 20°% B.O3.°9! Refractive dispersions have been meas- 
ured in the system Na,O-B,03-SiOg. Inflections in the dispersion—composition 
curve were ascribed to compound formation.’?®®“ The effect of adding arsenic 
oxides on the gamma-induced colouration of lithium, sodium and potassium borate 
glasses has been studied.°t The system LiBO2—Gaz2Os, including the compound 
2Li2z0,Ga203,3B203, was investigated by infra-red absorption spectra.!°°7 The 
ultra-violet absorption spectrum of pentavalent vanadium in alkali-borate glasses 
has been studied.°*14 

Absorption and emission spectra of Na,O-B2O3 glasses activated with euro- 
pium*°®, thulium°®?4 and erbium®®?4 have been studied. The spectra of alkali- 
borate glasses containing Co?*+, Ni?* and Cu?* are highly dependent on the com- 
position of the base glass.*’* The absorption spectrum of Fe?*—Fe** in borax glasses 
has been studied.°° Two forms of iron may be present under oxidizing conditions 
and three forms of iron under reducing conditions.*° Studies have been made of the 
optical absorption of Mn** in binary alkali-borate glasses ®*°4, of copper ions in 
Na2O-B203;—NaCl glasses?°>”, and of cobalt in alkali borate—halide glass.*9° In- 
duced optical and ESR spectra were studied in borate glasses containing titan- 
ium.**9?4,11944 Gadolinium in molten borax glass gives no fluorescence in the 
visible. The red fluorescence of gadolinium in borax beads when excited by an iron 
arc is due to impurities of other rare earths.°°° The absorption and fluorescence of 
Nd®* in alkali-borate glasses show an inflection at about 24 mole-°% alkali oxide.?2° 
A study has been made of the fluorescence of Dy?*+, Eu?*+, Sm®+ and UO2+ in 
sodium borate glasses.°°*“ Glasses of composition Na20,17B2O3 containing sodium 
halides and europium oxide luminesced with fluoride, chloride or bromide present, 
but not with iodide.?7°4 A thermoluminescent lithium borate, Liz0,2B,O3, contain- 
ing 0-1% of manganese has improved sensitivity to radiation, and its emission spec- 
trum has been studied.®21: 1153. 1164,1165 Samarium and manganese have been 
studied as activators in lithium tetraborate.*®” Silver-activated lithium-borate glasses 
show radiophotoluminescence and have been investigated as dosimeters.115° The 
luminescence of borate glasses activated with terbium has been investigated.27°4 
Borates have been evaluated as activators in sulphate and silicate phosphors.*%* 
Infra-red studies of Li,O—-B,O.,—P20s5, Na2,O-B2,03—P20; and K,.O-B.03;-P20; 
glasses have been carried out.91® 


THERMOCHEMICAL DATA 


Data on the heat capacity, entropy, free-energy function, heat content, heat of 
formation, free energy of formation, and log K, have been compiled, calculated 
and tabulated’°®> for molten and/or glassy LigO,B203, LigO,2B20378° 1°85, Li,O,- 
3B203°°8°, Lig0,4Be203!°8°, Na,O,B203198, NazO,2B20378° 1°85, Na.O,3B203783, 
Na20,4B2037°°, K,0,2B,0319% and K.0,4B.03.78° LORS 

The heat capacities of NagO—B2O3 glasses containing 7:87, 13-7 and 21:09 mole-°% 
of Naz2O have been determined and tabulated from about 55 to 295°K.8°° Heat 
capacities of selected glasses in the five alkali-metal borate systems have been re- 
ported over a range of high temperatures.11”” The specific heat of fused borax, 
0°307 at 750°C, increased to 0-434 g cal deg! g~1 at 950°C.9094 


Refs. p. 472 


Alkali-Metal Borates: Physical and Chemical Properties 453 


Enthalpy changes of NazO-B.Oz3 glasses in the temperature interval between 50 
and 298°K were calculated from low-temperature heat-capacity studies.°2° Heat 
contents of LizO-B2,03, NazO-B.O3 and K,O-B,O3 glasses containing 0 to 33 
mole-%% metal oxide have been determined from 25° to 1100°C.78° 

The integral and relative partial enthalpies and entropies of mixing molten boric 
oxide and molten rubidium metaborate have been calculated.? The partial enthal- 
pies of solution of boric oxide in LizO—-B,0; and K2,O0-B.O3 have been measured 
and discussed in terms of immiscibility and structure.°28 

The heats of solution of NazO-B3O3 glasses are more exothermic when the glasses 
have been densified by applying high pressure.79°-° This may be due to increased 
strain. At 20 mole-’% Na2O, a 50% change in the heat of solution was caused by 
high pressure. 

From heats of solution of crystalline and glassy compositions in the systems 
LizO-B203, NazO-B2,03 and K2O-B.Os, in nitric acid, heats of formation were 
calculated. The heats of solution of the glasses showed a minimum at 20 mole-°% 
alkali oxide. In the crystallized systems, the minimum heat of solution occurred at 
compositions Lig0,3B203, Na2O,4B203 and K20,4B,03.7°° 

Mass-spectrometric experiments with an effusion cell1%2 gave heats of sublima- 
tion, vaporization and dimerization as follows: 


LiBO.(c) = LiBO.(g), 4H, at 1060°K = 79 +3 kcal 
LiBO.(1) = LiBO.(g), 4H, at 1160°K = 70+3 kcal 
2LiBO.(g) = LizB.0,(g), AH at 1120°K = —67+3 kcal 
NaBO,.(c) = NaBO.(g), 4H, at 1070°K = 73+3 kcal 
2NaBO.(g) = NaeB2O,(g), AH at 1070°K = —53+3 kcal 


From the vapour pressure of molten lithium metaborate at 1120°-1280°C, the 
heat of sublimation was calculated to be 86-3+3 kcal mole of LiBO.z and the heat 
of formation of LiBO2(g) was calculated to be — 157-9 kcal mole~! at 298°K.327 
The heat of formation has been compared with those of lithium fluoride and 
chloride. **°“ For the reaction LizO(g) + B2O3(g) = 2LiBO.2(g), 4 Hog = — 75 kcal.32” 

For Na2O0,2B203 the heat of vaporization, from vapour pressure measurements, 
is 62:0 kcal mole~ 1.429 For K20,2B.03 the heat of sublimation is 11-3 kcal mole-!.4*39 

The heats of fusion of LiBO2z and NaBOz were determined from phase diagrams 
of the systems LiBO2-LiF and NaBO.—-NaF as 7400 and 8000 g cal mole~?}, 
respectively.°49 ~ 

DTA curves have been determined for glasses of the composition Na20,2B.0s3, 
Naz20,3B203 and Na2,O,4B.03.19° The sodium oxide activity in Na,zO-B.O3 melts 
has been studied.+?9° 


DISSOLVING OF ALKALI-BORATE GLASSES 


The rate of dissolution of Na,O-B2O3 glasses in hydrochloric acid has been 
found to vary in correspondence with maxima and minima in the liquidus curve of 
the phase diagram. The results were considered to indicate that ee glass contained 
predominantly B3;O,.5 in the B2Os3-rich region, and that the BgO?; concentration 
increased as the composition Na2O,4B.03 was approached.®7® 

The relative rates of dissolution of alkali-metal borate glasses of the composition 
qM-2B,407+ (1 —qg)BsOg¢ in water at 100°, 75° and 50°C are about 25, 5 and 1, respec- 
tively, when g=1, and about 5, 2 and | respectively when g=0. The lowest rate of 
dissolution of NazO-B2O3 glasses is at g=0-5—-0-7 and that of K,0-B.O3 glasses 
is at g=0-4-0-6.°°? An attempt was made to find a general expression for the rate 
of dissolution.°°°“ A study of the rate of dissolution of vitreous borax in water as 
a function of the stirring rate has indicated that the interface temperature gradient 
is about 3°C in unstirred water.°°° Studies of the rate of dissolution of NagO-B2O3 
glasses in water at 5°—29°C showed that the lowest rate of solution occurred with 
glasses containing 25 mole-’4 Na2O, and that the calculated activation energy 
reached a maximum at about 15 mole-% Na2O.1%4 

The effect of tempering NazO-B2Q3 glass on its rate of dissolution in water and 


Refs. p. 472 


454 Boron 


other properties has been discussed.2°* In experiments with discs of NagO-B2O3 
glasses rotating about a diameter in water at 70°C, increased speed of rotation gave 
an increased rate of solution when the glass contained less than 5 mole-% of Naz2O, 
and a decreased rate of solution with 8-30 mole-%% Na2O.?°° Tempered glasses 
generally dissolved more rapidly than annealed glasses.2°° The rate of dissolution of 
borax glass in citric acid, glycine, hydrochloric acid and acetic acid has been 
measured, and activation energy values calculated.®°°° The water ‘solubility’ of 
glasses in the systems LizgO—-B203-P205, Na2O-B2O3—-P20; and K,O-—B203;—P205 
has been determined.°??® 


VOLATILIZATION AND VAPOUR PRESSURE 


The alkali-metal metaborates volatilize congruently. The vapour pressure of 
lithium metaborate in the range 1120—1280°C, determined by the torsion—effusion 
method, can be represented by the equation log Patm= — 16,450/T+ 8:586.227 1131 
The volatilization of alkali-metal metaborates has been studied by mass spectro- 
metry.*%?:124* The vapour pressure of lithium metaborate, estimated by this means 
to be 2x 107° atm at 1160°K 1%7, agrees well with that determined by the above tor- 
sion—effusion method.??” The vapour pressure of the dimer LigB2O,4 at 1160°K was 
similarly estimated to be 2 x 1077 atm.?°? 

In experiments at 1200°C, the rate of volatilization of molten Na,O-B.O3 and 
K.O-B.203 was relatively low at high and low concentrations of alkali-metal oxide. 
The most rapid volatilization occurred at compositions between 0-8 and 1:6 moles 
of Na,O (or 1:6 to 2:6 moles of K2O) per mole of B2Os. If the original composition 
contained less than about 0-83 moles of NazO (or 0:67 moles of K2O) per mole of 
B2O3, the vapour was considerably more alkaline than the original composition. 
Melts more alkaline than metaborate gave vapours usually somewhat less alkaline 
than the original composition, but not greatly different from it.®?° 

At 800°C, the loss from fused borax due to volatilization is negligible if it is 
heated in a covered crucible for less than two hours.*?”? However, under other 
conditions there is appreciable loss by volatilization.1?4-> Molten borax at 1150°— 
1300°C volatilized with an average vapour composition Na2O 51:6%, B2O3 48:4°%.17> 
At 1200°C the vapour contained 42:4 to 43% of Na20O°8!: 82°; at 1400°C the vapour 
phase contained 30% of Na2,O,B2O3.7®° 

Vapour pressures of molten sodium metaborate and disodium tetraborate assum- 
ing normal vapour densities have been measured by the transpiration method?1"°, 
and results are given in Table XXV; these results may not, however, be reliable, 
since the apparent vapour pressure increased with decreasing flow rate.15? 


Table XX V.—Vapour Pressures of Sodium Metaborate and Borax Melts+"° 


Naz2O,B203, Naz20,2B.20s3, 
mm Hg mm Hg 


Temperature, °C 


1150 2°55 2:1 
1200 7:2 35 
1250 28-0 13-0 
1300 62-0 255 
1350 160 
Calc. b.p. 1,434°C Pye ® 
Heat of vaporization 96,910 g cal 72,410 g cal 


Estimates from mass-spectrometric data at 1070°K gave 5x10~7 atm for the 
vapour pressure of sodium metaborate and 2 x 10~® atm for the dimer, Na2B20,4.1°? 
Dipotassium tetraborate, K2B,07, has a higher vapour pressure than disodium 
tetraborate, Na2B,O,, and its vapour pressure increases more with an increase in 
temperature. Vapour pressures have been measured by the effusion method 4°, 
and results are given in Table XXVI. 
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Table X XVI.— Vapour Pressures of NazO,2B203 and K20,2B.03 Melts 


NazO,2B203 K.0,2B203 
Temp., °C | Vapour pressure, || Temp., °C | Vapour pressure, 
Torr x 10° Torr x 10? 
763 0-69 758 1:9 
793 1:14 778 4:7 
812 1:8 797 12-6 
871 2°6 820 44 
872 7:3 
940 45 


Studies of the volatility and the compositions of the vapour phase and condensate 
have shown that Na2O,B2Oz3 is completely volatile at 1400°C without change in com- 
position. The condensate from 2Naz0,B20O3 volatilized at 1400°C consists of NazO,B.03 
and that from Na2,O,2B203 contains 30% of Naz2O,B203.7®° In the K,0-B2O3 system 
K,0,B203 and 2K20,B203 are completely volatile at 1300°C. K20,2B203 when vapor- 
ized gives a condensate consisting of K20,B2,03.78° Li,O,B203 and Li,O,2B.0; 
vaporize at 1400°C. Volatilized 2Liz0,B203 changes to LizO,B.O3 in the vapour.7®° 
In borosilicate glass manufacture, the most volatile constituent is Kz0,B.03.78° 

The volatility and composition of the vapour phase in the Rb2O0-B,03; system 
has been studied over a range of 33-67 mole-°% Rb2O at 1100-1400°C.78> The 
vapour pressure was determined over a range of 4:2 to 50 mole-% Rb.O at 
878°-1353°C. The heat of vaporization was 47:3+0-8 kcal in this temperature 
range. The vapour composition was close to RbBOz, in this range of composition. 
The activity of rubidium metaborate, RbBOz, was essentially zero in Rb,O—-B,.O3 
melts containing 0 to 16 mole-%% of Rb2O, but it increased rapidly at higher Rb.O 
concentrations.*® 1141 

Molten cesium metaborate, CsBOzs, distils without decomposition at about 
800°C.*7" A study of its vapour pressure between 1038 and 1361°K indicated that 
its heat of vaporization is 41:-3+4 kcal mole~! of CsBO,.9!4 


STRUCTURE OF ALKALI-BORATE VAPOURS 


Mass-spectrometric and effusion studies have indicated the presence of mono- 
meric, dimeric and trimeric lithium and sodium metaborates in the vapour phase 
over lithium and sodium metaborate at 750°-920°C.1%! There was about 90% of 
the monomer, and an appreciable amount (ca. 10°%) of the dimer, but only a small 
amount (0°1%) of the trimer.1°? Other mass-spectrometric studies of alkali meta- 
borate vapours have indicated that ionization of the monomer increases sharply 
from lithium to cesium metaborate.7°! 

Infra-red spectra suggest the structure M*(O--B*t-—O-) for the gaseous alkali- 
metal metaborates.'*® Electron-diffraction studies have indicated that there is a 
weak bond between the lithium, sodium or rubidium atom and the BO, group ®”’, 
and that the NaBO, and LiBO, molecules are planar with the M—O-B angle 90- 
110°.” The electron-diffraction patterns of lithium and sodium metaborate vapours 
practically coincide.°’® Mass-spectrographic studies have indicated the presence 
of M*, MBO? and MzBOs °: 192, and B*, BO* and BO?.° An electron-diffraction 
study of the LiBOz molecule gave 1:258 A for the B-O distance.24° Alkali-metal 
borate vapours have been studied ‘chemically’.”°*4 Information on the gaseous 
alkali-metal metaborates has been summarized.'!2° 

Infra-red spectra of NaBOz, LiBOz, KBO., RbBO. and CsBO, molecules iso- 
lated in a matrix of solid argon or krypton suggest a C2, molecular symmetry and 
an M-—O-B bond angle in the neighbourhood of 90°.745 

The equilibrium constant for the reaction NaCl(g)+HBO.(g) = NaBO.(g) + 
HCl(g) at 1980 K has been determined to be K, = 2:50.112! Mixtures of sodium meta- 
borate and sodium fluoride form mixed dimers on volatilization, and the problem 
of interpreting the mass spectra of the vapour has been discussed.*2°4 
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Chemical Reactions and Phase Equilibria 


REACTION WITH WATER AND DEVITRIFICATION 


The solubility of water vapour in alkali-borate melts containing 0 to 40 mole-% of 
LizO, Na2,O or K2O is proportional to the square root of the partial pressure of 
water vapour. At 1 atm of steam and 900°C, 0-5 to 2:2 mole-°% of H.O, depending on 
the alkali-oxide: B,O3 ratio, are dissolved at equilibrium.?°* The solubility is at a 
minimum at 25 mole-°% K2O or 35-40 mole-%% Na2O.?°? In a study at 1100—1200°C, 
minima in the solubility of water in NazO-B.O3 melts were observed at the Na.O,- 
B,03 and Na2,0,4B203 compositions, and a maximum was observed at Na.O,- 
3B2O03. In the eutectic compositions, a minimum was observed at 73:5°%% B2O3 and a 
maximum at 68:5°%.2404 

Alkali-metal borate glasses, as usually obtained by dehydration of hydrated 
borates, retain an appreciable amount of water. For example borax glass, as prepared 
in the laboratory by fusion in a current of dry air, lost a further 0-2°% in water con- 
tent by heating to constant weight.’®! Crystalline anhydrous borax, when melted in 
air, increased slightly in weight owing to absorption of water.°8+ 

All the anhydrous borate glasses are more or less hygroscopic. The tendency for 
Na2,O-B.2O3 glasses to pick up moisture from the atmosphere increases as the boric 
oxide content is increased from 77 to 87 wt-%.°"® Anhydrous borax produced by 
calcining or by spraying borax solution on hot granular anhydrous borax is more 
hygroscopic than that made by fusion.?”! 

When borax is melted in the presence of steam, some of the boric acid content is 
volatilized. The molar ratio Bz03: Na2O in the residue changes from 2 to 1:4.49° 


System LizgO-B203. The devitrification rate has been studied by differential thermal 
analysis 124°, 1999-1100 and by X-ray diffraction’!°“ in glasses crystallizing to form 
lithium metaborate and tetraborate. LizO—B2O3 glasses containing more than 80°% 
of B2O3 were attacked by atmospheric moisture in less than one month.724 Electron 
microscope studies of LizO—B2O3 glasses containing 0-20 mole-°% LizO showed the 
beginning of devitrification before the sample became turbid. Possibly two liquid 
phases appear at less than 10 mole-°% Li,O in a narrow temperature range.*°? 


System LizO-BeO-B203. The ‘glass region’, devitrification and resistance to 
steam have been studied.°°? °°° 


System LigO-B203-MgO. _ Devitrification and resistance of these glasses to moist 
air have been studied.°°?°°° Increased magnesium oxide concentration gives in- 
creased resistance to boiling water.°*? 


System LigO—-B203;-Al2O3. Devitrification and other properties of this system have 
been studied.1*° | 


System LizO-B203-SiO2. In this system glasses high in silica have low melting 
points and high durability.’?2 


System LiBOz—-LizgMoO,-MoO;3-BeO. Nucleation was increased by the addition 
of lithium metaborate in the crystallization of beryllium oxide from its solution in 
molten LigMoO,—MoO3.3” 


System Na2O,4B203—Liz0,SiO2-SiO.. Devitrification has been studied as a func- 
tion of temperature and sodium oxide content.®7° 


System NazO-B203. The crystallization behaviour of borax glass has been 
studied.*°® Reference differential thermal curves of quenched Naz2O,2B203, Na2O,- 
3B203 and Na20,4B203 glasses have been published, showing devitrification and 
melting.+%° 


Systems Na2B,07—-B20s, Na2B.0O7,-MgO, NazB,O0,-3CaO,P2Os, Na2B,07- 
Al,O3, NaeBsO7,-ZnO, Na2BsO7-PbO. The crystallization characteristics of 


these and other more complex systems were studied in a temperature—gradient 
furnace.®°? 
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System NazO-BeO-B20;. The devitrification products in this system have been 
studied. The resistance to moist air is less than that of LikO-BeO—B.O3 glasses.°°* 556 


System NazgO-MgO-B.03. Devitrification and resistance of these glasses to moist 
air have been studied.°5?: 55° 


System NazO-B203-SiO2-ZrOzg. Crystals which form from the glasses of this 
system have been identified.°”° 


Systems NazO-B203-SiOz and K2O0-B203-SiOz. Glasses in these systems have 
properties which make them suitable as glaze components.®9°4 


System K20-BeO-B203. These glasses are more hygroscopic than Na,O-BeO- 
B2O3 or LigOQ—BeO-B.O3 glasses. The glass region has been determined.°55-¢ 


System K20-MgO-B,03. Devitrification and resistance to moist air have been 
studied.°2>2" 


Borates in Glasses and Glazes 


Borax, when added to container glass batches, was found to increase the rate 
of melting and refining, and in limited amounts it decreased the viscosity and ther-. 
mal expansion and raised the annealing temperature.!? 2124: 1230-7394 [t also has 
advantages in glazes.77°4'11°3 The effect of borates on the properties of soda— 
dolomitic—lime-silica glass1*°° and their effect on crystallization of a soda—potash— 
lime-silica glass have been investigated.89°4 The role of borates in glass technology 
has been discussed in a series of papers.9°5-9 


REACTIONS WITH METALS AND CARBON 


Tungsten is corroded by molten NazO-B2Os, the rate being controlled by diffusion 
of oxygen to the metal surface or by diffusion of the reaction product into the 
meleS+44 

Molten Na20,2B20; and Na2O,B203 at 1100°C corrode steel plates along grain 
boundaries, but the corrosion is less than with the corresponding sodium silicates.®® 

The corrosion rate of iron in molten mixtures of borax and the fluorides of 
lithium, sodium or potassium increases slowly with fluoride content but rapidly 
with ferric oxide content.*2* Corrosion of iron in molten chlorides in the presence 
of anhydrous borax has been studied.*224 When steel was treated with 0-4-1 kg of 
borax per ton, it took up 0-0005-0-0015°% of boron, improving its properties.157 

Powdered mixtures of anhydrous borax and aluminium at 1300°C produced 
sapphire whiskers up to 20 mm long within a few minutes. 

Molten borax is appreciably reduced by carbon, the reaction beginning at 900°C; 
active carbon gives a more rapid reduction than graphite or coke.*°° Molten borax 
has been said to react with carbon in an oxygen-free atmosphere at 1000°—1200°C 
to form metallic sodium.'°?® Borates, when dissolved or suspended in molten salts, 
react with various chlorinating and reducing agents to give boron trichloride.1!9°4 


REACTIONS WITH SALTS AND OXIDES 


Borax fused with sodium carbonate forms 2Na20,B.O03 or 3Na20,B.03 with loss 
of carbon dioxide, but the reaction is not complete.°°* When the fusion product is 
dissolved and borax added, sodium metaborate is formed in the solution.25® From 
the carbonate content of various Na,2O-B2O;3 melts in equilibrium with 1 atm of 
carbon dioxide, the variation of oxygen-ion activity with composition and tempera- 
ture has been calculated.®°** From the weight loss of BgO;-M2CO; mixtures (where 
M = Li, Na or K), with and without added sodium sulphate, when heated at 1000°C 
in a stream of carbon dioxide, the equilibrium constants for the reaction Na,O,- 
B203 + NazCO3 = 2Na20,B.03 + CO2(g) have been calculated.25? These equilibrium 
constants decreased in the order Li, Na, K.?°? In the reaction of boric oxide with 
carbonate in a fused mixture of sodium and potassium chlorides at 750°C, there were 
inflections in the oxygen electrode potential at certain B203:COz ratios, suggesting 
the formation of compounds in the melt.129? 
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At 150°C anhydrous borax gradually reacted with an AlCIl;-NaCl melt. After 
three days, analysis of liquid and solid phases indicated that 59°% of the boron was 
in the melt, 79% was undissolved, and 34°%% had volatilized, probably as boron tri- 
chloride or boron oxychloride.+??® 

When boric oxide or borax was dissolved in fused NaAICl,, and hydrogen was 
bubbled through the melt at 500°-700°C, the presence of diborane was detected 
in the products condensed at — 196°C.1°? 

Borax, mixed with 0-25 to 1 part by weight of ammonium chloride and heated in 
a stream of ammonia at 850°—2000°C for 2 h, produces boron nitride.!°?° 

Molten alkali borates are good solvents for minerals?°* and metal oxides, some 
of which dissolve with the evolution of heat.2°? The solubility generally increases 
with alkali-metal content and with temperature. When the molten solutions are 
cooled, in some cases crystals of the metal oxide are formed; in other cases com- 
pounds are formed. A compilation of relevant phase-equilibrium diagrams, which 
includes many systems containing borates, has been published, with a supplement 
in 1969,1109 

Many substances have been crystallized by dissolving them in molten sodium 
metaborate, and evaporating the solvent (ref. 1083, No. 21, p. 653). Studies of 
cryoscopy in lithium metaborate are included in a review published in 1961.1°8° 
The molar freezing-point lowering for titanium dioxide and nickel oxide+9? and 
for beryllium and magnesium oxides®%°° in lithium metaborate approaches the 
normal value for one particle as the concentration approaches zero. In solutions 
of the oxides Al,O3, Fe203, Co203 and Cr2O3 in fused lithium metaborate there is 
evidence for ionization of the type AlOz + AlO*.9°® The freezing-point lowering 
of the halides LiF, NaF, KF, BeF., ZnF2, CdF2, PbF2, AIF; and Nas;AlF,°3’, 
and LiCl, NaCl and BaCl,?°? in molten lithium metaborate indicated that all these 
compounds were completely ionized. Freezing-point studies of lithium, sodium and 
barium chlorides in fused lithium metaborate indicated that the molar lowering 
is 15.9°° A description of the experimental method has been published.®°? Lithium 
metaborate has been studied as a solvent for dissolving and crystallizing zirconium 
dioxide.°?? LiGa;Og, has been grown from a solution of gallium oxide in lithium 
borates.°?° Crystals of LiFeOz, LiFe;0g and FezO03; may be grown from solutions 
of ferric oxide in molten lithium borates.1® Lithium metaborate, when heated with 
an equimolar amount of cobaltous oxide at 770°C, under nitrogen largely free of 
oxygen, forms LiCoBO3. The same compound can be made by melting a mixture 
of one mole of Co3O0,4 with nine moles of LiBO. and extracting the unreacted meta- 
borate with boiling methanol.*® 

Molten disodium tetraborate, Na2B,O7, used as a mineralizing additive, increased 
the rate of formation of sodium aluminate at temperatures above 900°C.1594 

The solubility of silver oxide in molten Na,O—-B,O3 has been determined at 
825°—935°C as a function of sodium oxide content and oxygen partial-pressure.°!® 
Silver oxide acts as a network modifier like the alkali oxides. The diffusion coeffi- 
cient of Ag* in a 159% Na,O-85°%% B.Og3 melt has been measured.®?° 

The solubility of beryllium oxide in molten Na,O-B.O3 increases slowly as the 
sodium oxide content is increased to about 0-15 mole per mole of boric oxide. It 
then increases more rapidly as the sodium oxide is increased to 0:4 mole.®°4 On 
cooling, beryllium oxide crystallizes.2°° 

The solubility of alumina in Na,O—-B.O; melts increases with alkali content.2°° 
B-Alumina crystals will grow from molten borax; addition of lead oxide will give 
corundum.°? Whiskers containing three aluminium borates have been made by 
dissolving aluminium oxide in fused borax at 1400°C and cooling to 1000°C.%° 
The relation between 9Al,03,2B203 and 2A1l,03,B203 has been studied in the sys- 
tem Na2O-B2,03—Al,.03.1147“ In small-scale experiments, no crystallization occurred 
in this system.7°° Alumina ceramics for metal cutting are stronger if polished in 
molten borax.*°° Equations for the rate of dissolving of solids in melts were de- 
veloped and found to apply to the dissolving of corundum in molten Li,B,O,7.°%° 

Yttrium iron garnet, Y3Fe;O,2. can be grown from its solutions in BaO—-B.Os, 
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Naz,O-B2O3 or K2O-B203.°79 Yttrium oxide, Y2O3, forms a yttrium borate with 
molten borax.**® Molten sodium borates react with all rare-earth oxides except that 
of cerium at 900°C to give rare-earth orthoborates, RBO3.°22 At low sodium con- 
tents, the metaborates, R(BOz2)3, of praseodymium, samarium, gadolinium, ter- 
bium, dysprosium, erbium, ytterbium and lutetium are formed.?28 The orthoborates 
of dysprosium, holmium, erbium, thulium, ytterbium and lutetium are obtained 
at B,0O3:Na2O ratios from 2:1 to 17:1, but those of praseodymium, samarium, 
europium, gadolinium and terbium are obtained only at B2O03:Na.O ratios from 
2:1 to 7:1.°*° Compositions of liquid phases in equilibrium at 900°C with PrBOs, 
Pr(BO2)3, SmBO;3, Sm(BOz)3;, GdBOs, Gd(BOz)3, TbBO3, Tb(BOz)3, DyBOs, 
ErBOz3, YbBO; and LuBO 3 have been determined.??® Lanthanum oxide, La2Os, 
forms lanthanum orthoborate, LaBO3;, with molten borax.!3> 82? At 900°C neo- 
dymium oxide added to molten Na,O-B2,O3 at 900°C, forms neodymium ortho- 
borate, NdBOs, if the Bz03: Na2O molar ratio is 2 to 3:72, but forms the metaborate 
Nd(BOz)3 if the B203: NazO molar ratio is between 3:72 and 17.822 Cerium dioxide 
apparently forms no chemical compounds when added to molten Na,O-B.O3.°®22 

The rate of dissolution of silica plates in molten borax at 900°—1200°C was found 
to be proportional to the time, after the time required to form the diffusion layer. 
These experiments indicated that diffusion through the boundary layer controlled 
the dissolution rate.°**»°°* Fused silica dissolves considerably more rapidly than 
quartz in molten borax at 845°C, but only a little more rapidly at 920°C.332 

In NazB,07—TiOgz solutions containing 15—20°% or more excess sodium oxide, and 
in K2B,07-TiOz solutions, titanates are formed on cooling.®1° K2TigO;3 crystals are 
formed by cooling a 25% solution of titanium dioxide in K2B,07.°!° From Na2B.07- 
TiO, and LigB,O,;—-TiOzg solutions, however, titanium dioxide crystallizes as well- 
formed rutile crystals.°*° Single crystals of a variety of substances have been grown 
from molten borax.°*” These include Ti3O5, TisO7, Tis09, TigQi11, Ti7O13, TigOi5, 
TiioOig and rutile°®“, depending upon the oxygen pressure. Rutile of controlled 
composition has been grown from molten Na20O,3B2,02 and K,0,3B2,03.72 The 
morphology of rutile grown from fused borax has been studied.7!44 

The solubility of titanium dioxide in NazO—B.2O3; melts increases with alkali con- 
tent, slowly at first, then very rapidly between 0:3 and 0:4 moles of NazO per mole 
of B,O3. Titanium dioxide is formed by cooling. The solubility of the oxides 
TiOz, ZrOz, SnOz, and ThO; also increases with alkali content, and decreases with the 
molecular weight.2°° 

The solubility of titanium dioxide in molten borax was determined to be: at 
900°C 9:5; at 1000°C 11-5; at 1100°C 15-5; and at 1200°C 18-5 wt-°%. Attempts to 
determine the solubility by quenching failed because of rapid crystallization.?®® 
Whiskers of titanium dioxide (rutile) were grown from fused borax by cooling from 
900-1200°C.°°® Another solubility study®!° gave the solubility of titanium dioxide 
in molten borax (g per 100 g of Naz2B.O7) as follows: 


Temperature, °C 730 815 860 886 920 PAIS 
Solubility, g 100 g~1 of Na2B.O, re 13 15 ry 20 Ps i) 


The solubility of titanium dioxide in the various molten borates, in g per 100 g of 
solvent, has been determined as follows (solid phase, rutile): LigB,O7, 12 at 940°C; 
Na2B.O7, 23 at 940°C; K2B,07, 30 at 940°C; KB;Og, ca. 0-01 at 900°C; Na2B4,O, + 
8:2°% NaOH, 30 at 900°C; Na2B4,07+ 10% NaF, 25 at 893°C; Na2B,07+ 10:2% LiF, 
30 at 952°C; Na2B.0,+8% LiF, 20 at 880°C; Na2.B,0O,+ 3°%% SnO, 17 at 880°C; 
B2O3, insoluble.*? Solubility curves of titanium dioxide in lithium, sodium and 
potassium tetraborates have been determined.?° The solubility of titanium dioxide 
and of molybdenum and tungsten trioxides in molten borax has been investigated at 
800°, 900° and 1000°C.7°° The primary phase, at 20—-50°% metal oxide, is the metal 
oxide.**° Crystalline fibres of titanium dioxide, zirconium dioxide and zircon can be 
made by crystallization from molten borax—boric oxide mixtures.!°2” 
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The solubilities of the oxides PbO, BizgO3, NiO, ZrO2z, CuO, WO3, Fe2.O3, CdO, 
TiOz and MoQOgz in molten borax, at 760° and 800°C, respectively, have been deter- 
mined.?°34 

The solubility of zirconium dioxide in molten borax has been reported as 1-68 
wt-°% at 900°, 4:60 at 1000°, and 7-38 at 1100°C.°°8 Mixtures of borax and lithium 
chloride were suitable for growing zirconium dioxide (baddeleyite) whiskers by 
cooling from 1100°—1500°C.3°° 

The solubility of lead oxide, PbO, in Na2B,O7 is 37:5 mole-%, and in K2B,4O; is 
35 mole-%, at 850°C.326 

Zirconium and thorium dioxides dissolve in molten borax and crystallize as the 
dioxides.**® At least one part of germanium dioxide will dissolve in two parts by 
weight of molten borax.?°+ The approximate structure of lithium borogermanate, 
LizO,B203,GeO2 has been determined.?°%4 

Vanadium pentoxide is not reduced when melted with borax. The solubility is 
about 1% of V2.0; at 800°, 6% at 920° and 12% at 1100°C.74” 

Niobium oxide, Nb2O;, dissolves in molten borax; the primary phase at low 
niobium oxide concentrations is sodium niobate, NaNbO 319° 135-1135 and at higher 
concentrations it is NazNbgOz, or a higher niobate. A phase diagram has been pub- 
lished for the ternary system NazgO-Nb20;—B2031%°11%°; it includes a large area of 
immiscibility. 

Tantalum oxide, TazO;, when dissolved in molten borax, forms crystals of sodium 
tantalates.1°° 

The solubility of bismuth oxide, BizO3, is 20-5 mole-°%% in NagB4O,7 and 11:4 
mole-°% in K2B,07 at 850°C.32° 

The solubility of chromic oxide in NazO-B,.O3 melts increases with the alkali 
content.2°° No compounds are formed between chromates and molten borates.®72 
Single crystals of chromic oxide have been grown from its solution in K.B,O7 or ina 
mixture of K.B,O7 and lead oxide.°? Uvarovite, CagCr2(SiO,)3, a naturally occurring 
garnet, has been crystallized from a solution of its components in molten Na,O,- 
K20,1-°3B203.°134 

The solubility of tungsten trioxide, WOz3, in molten Naz,O—B.O3 increases with 
sodium oxide content and temperature. Tungsten trioxide crystallizes from melts high 
in boric oxide; sodium tungstate crystallizes when 0:2 to 0:3 mole of Naz2O is present 
per mole of B2O3.?°° | 

Molten borax dissolves ferric oxide; when the melt is cooled, ferric oxide flakes 
having a metallic lustre are formed. These can be recovered for use as a pigment by 
dissolving the borax in nitric acid.®°4 9°9 When a mixture of borax and ferric oxide 
at 1000°C is reduced with hydrogen or carbon monoxide, ferrous boroferrite 
(Fe203,B203,4FeO) is formed and can be recovered by treatment with nitric acid.15® 
The same product is obtained by heating a borax—iron mixture in nitrogen and oxi- 
dizing with air.'°® Single crystals of magnetite have been grown from a ferric oxide 
and borax mixture under 2 atm of argon containing 1 p.p.m. of oxygen, cooled at 
about 2°C h~? from 1300° to 1000°C.87" 

An equimolar mixture of sodium orthoborate (Na3BOs3), and ferric oxide, heated 
for 18 h at 1200°C in air, and leached with boiling water and hydrochloric acid, gave 
a mixture of green FeBO3 crystals and black Fes;BOg crystal plates.22° From certain 
compositions in the molten system LigO-B,03—Fe203 at 1100°C, single crystals of 
LiFeOz, LiFes;0, and a-Fe2O3 can be grown.'® The approximate phase stability 
boundaries in this system have been determined.'® Boroferrites of the formula 
Fe203,B203,4NiO, Fe203,B203,4CoO and Fe203,B203,4CuO have been prepared 
by dissolving the metal oxides in molten alkali borates and cooling slowly.®* Ferric 
oxide has a higher solubility in molten alkali borates than chromic oxide; cobaltous 
oxide has a greater solubility than ferric or nickel oxide.®°4 

The solubility of nickel oxide in NagO-B.O3 melts increases slowly with sodium 
oxide content at first, and increases more rapidly when the molar ratio Na2O: B.O; 
is greater than about 0-25, to a maximum at a molar ratio of about 0:4—0-5.894 The 
solubility of nickel oxide in fused borax at 800°C is 10:4 mole-%.°!! On cooling, 
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melts high in boric acid give an emulsion, and with increasing alkali content 2NiO,- 
B2O3, 3NiO,B2O3 and nickel oxide are successively formed.®94: 25° Nickel oxide is 
formed at Na2O:B.O3 molar ratios above 0:35—0-4. The thermodynamic properties 
of nickel oxide dissolved in fused borax have been investigated by means of e.m.f. 
measurements. ®?+ 


LIQUID—SOLID PHASE EQUILIBRIA 
System Li,O-B2Os3, see p. 348. 


System LiBO2-LiF. A compound 2LiF,3LiBOz, and two eutectics at 67°% LiBO. 
m.p. 688°C, and 80°%% LiBOz m.p. 710°C, exist.412 Another study reported one 
eutectic.at 59°. LiIBO., nap: 725°C,°o*9 


System LiBO.-LiCl. A eutectic exists at 15 mole-°% LiBOs, m.p. 584°C 494: 4944 
or at 19 mole-’% LiBOs, m.p. 572°C.%° 


System LiBO2—-NaCl. This stable diagonal has a eutectic at 45 mole-°% NaCl, m.p. 
740°C.*944 There is some tendency to form two liquids.1°° 


Systems LiBO.—NaCl, KCl, CsCl; NaBO.-LiCl, CsCl; KBO.2-LiCl, NaCl, CsCl, 
LiF, LiBr. In these systems immiscibility occurs if the cations are sufficiently 
different.*°° Li-Na systems have a tendency to form two liquids, Li-K systems form 
two liquids and the Li-Cs system has a larger two-liquid region. 


System LiBO2—-LiCI-LizgSO,. This system has a eutectic at 472°C.%9 


Systems LiBO2—Alkali-metal sulphates, chromates, molybdates, vanadates, nitrates, 
and carbonates. Solubility in these reciprocal systems has been studied in terms of 
the polarizabilities of the ions.1°® 


System LiBO2-LiPO3. This system is actually ternary. Congruently melting phases, 
m.p. 740°C (unidentified) and 1038°C (lithium orthophosphate), and an incon- 
gruently melting phase, m.p. 730°C (lithium pyrophosphate) exist. There are points 
of common crystallization of phases at 628°, 644° or 647°, and 810° or 812°C. 121 1214 


System LiBOs—LisPO,. A eutectic exists at 3 mole-°% LizPO., 834°C }?15, or at 
96 mole-% (LiBO.z)3, 827°C.1217 


System LizBsO7-LizPO4. A glass was not formed in compositions containing more 
than 20 mole-’% LisPO,. There is a eutectic at about 2:5°% LisPO.4, m.p. 905°C.837 


System Liz0-BeO;-P20;. The compounds Liz0,11B.03,13P,0; and 2Li.0,- 
3B2,03,P20;5 probably exist.°°7 


System Lit ||BOz , PO;, SO2-. A thermal-analysis study indicated the formation 
of three congruently melting compounds: LiBO2,7LiPO3, m.p. 750°; 4LiBO.,LiPOs, 
m.p. 1042°C; and 3LigSO.1,2LiBOz, m.p. 751°C; one incongruently melting com- 
pound, LiBO2,LiPO;; and a two-liquid region. There are ternary eutectics melting at 
S04" and 526°C.42°" 


System Lit ||SO2~, P204~, B,O2-. The ternary eutectic melts at 733°C. There is a 
field of phase separation.??1? 


System LizBsO7-LigSO,. There is a eutectic at 3-5 equiv.-% Li.B4O7, m.p. 
840°C.1212 


System LiBOz—-LieSO,. A compound 3Li,SO,4,2LiBO, 41! 12°° the composition of 
which is given apparently incorrectly in another paper’® as 3Li2SO.,2Lio(BO2)s, 
m.p. 742°C, and two eutectics, 18 mole-°% LizB204, m.p. 737°C and 31 mole-% 
LizBe2O.4, m.p. 737°C occur in this system.7* 411 A later study gave 743° and 748°C 
for the melting points of these eutectics.12°° 


System LiBO2-LizWO,. A compound, 2LiBO2,3LizWOx,, incongruent m.p. 710°C, 
and a eutectic at 8 mole-°% Li.B2O.4, m.p. 686°C, exist.75 41! Another reference 7? 
gives the compound as 2Li.(BO.)2,3LizWO., m.p. 742°C. 
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System LiBO2g—-LigSO.-LizgWO,. This system has a eutectic at 590°C.®59 


System LizBO3-LizgCO3. A continuous series of solid solutions is formed with a 
minimum melting point at 52 mole-°% LisBO3, m.p. 700°C. The lithium carbonate 
structure expands with increasing lithium orthoborate content, up to 60 mole-°% 
LizgBO3.*8 


System LigO-MgO-B,0O3. Compositions in this system having a tendency to 
devitrify have been determined.**? 


System LiBO2-MgB.O,. This system has a eutectic at 26:5 mole-°% MgB.Ou, m.p. 
790°C."37 


System LiBO2-CaB2O,4. There are two eutectics, m.p. 773° and 769°C; and a com- 
pound 4LiBOz,CaB20,."2"7 


System LiBO2—-Al2O3. There are two eutectics, m.p. at 750° and 730°C, and two 
compounds, 2Li,0,A1203,2B20s3, LR OU OF 785+ 10°C and Li,O,Al203,B2Os, m.p. 
TOOPENOC 29> 


System Li,O-B2,03;—Al.Os3. Compounds 2Li20,B203,Al.Osz, m.p. 870°C and 
2Liz0,2A1203,3B203, incongruent m.p. 790°C, occur in this system.*° 


System LizO-B203;-(Al203+ SiOz). A diagram of this system has been pub- 
lished.12° 


System LiBO2-Ga2,O3. The compound 2Lig0,Ga203,3B.,03, d 2-78 g/cm?, is 
formed in this system.1°°’~® 


System LigO-B203—Fe203. Phase equilibrium has been studied at 950—1200°C. 15: 736 


System LiBO2-B20O;-NiO. An estimated diagram has been published.®? NiO, 
3NiO,B203 or 2NiO,B203 may be formed, depending on conditions. There is a two- 
liquid area. The lowest eutectic is 813°C.®? 


System Li2z0,3B203;-Na20,3B203. There is X-ray evidence for an unidentified 
ternary compound.*®? 


System LizO,2B203;-Naz2,0,2B203. There is X-ray evidence for an unidentified 
ternary compound.7®? 


System LiBOz-NaBOz. Early work (Mellor, V, 68, 79) indicated limited miscibility 
of the crystals, with a eutectic at 48 wt-°%4 NaBOs, m.p. 650°C, or 42 mole-°% NaBOz, 
m.p. 648°C. More recently, a eutectic was reported at 43 mole-°% NaBOs, m.p. 
652° *°*4; 41-7 mole-% NaBOs, m.p. 648° 71”; 42 mole-%, m.p. 648° 494; or 44 
mole-/4 M.peho25G.' 20° 


System LigO-Na2O-B203-SiOzg. Phase equilibrium has been studied.5954: 815: 873 


System Li*, Na* || BOz, SOZ~. This system has ternary eutectics melting at 578° 
and 620°C?2°°, and a double salt 3Li.SO.,2LiBO..12°° 


System (LiBOz)2-NazSO,. This system consists of three curves, corresponding to 
«-LiBO2, B-LiBO2 and Na2SO,, intersecting at 12 equiv.-°% NasSOu., 793°C, and 
59°5 equiv.-°% NazSOu, 663°C.12°° 


System Li*, Na* ||BOz, PO;. This is an unstable section of the complex quatern- 
ary system. In a large region in this system, LiPO3 is converted into LizPO,.12%4 


System Lit, Na* || BOz, PO?-. The ternary eutectic melts at 642°C and has the 
composition 50 mole-’% (LiBOz)3, 7 mole-% LisPO, and 43 mole-°%% (NaBOg)3. 
Binary eutectics are at 96 mole-°% (LiBOz2)3—4 mole-% Liz3PO., m.p. 827°C; 62 
mole-’% (NaBOz)s-38 mole-% NasPO., 912°C; and 57:5 mole-%% (NaBOz)3—42°5 
mole-’% LigPO, (stable diagonal) 772°C.1°24 


System Li*, Na* ||P204~, BOz. Two double salts are formed, Li,P207,4LiBOzg, 
m.p. 1082°C and Na,P207,4NaBOz, m.p. 986°C. There are six ternary eutectics 
melting between 638° and 834°C,1?1° 
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System LiBOs-KBOs. A eutectic exists at 45 mole-°% KBOs, m.p. 618°C 72”, or at 
44 mole-°% KBOs, m.p. 582°C78, or at 47:5 mole-°% KBOs, m.p. 602°C 494, or at 
43 mole-°% KBOzs, m.p. 606°C.1?1” 


System LiBO2-KCl. This is a stable binary system with a large area of immiscibility 
ancdvareutecticiat 97-5 mole-7, (KCl. nip: 730°G:15*)494, 


System Li*, K* ||BOz, Cl~. In all the binary systems in this reciprocal system, 
eutectics are formed: 47:5 mole-’% KBO.—52:5 mole-°% LiBOz, m.p. 602°C; 15 
mole-%% LiBOz—-85 mole-%% LiCl, m.p. 584°C; 27:5 mole-% KBO.-72°5 mole-°% 
KCl, m.p. 723°C. There is a large area of liquid immiscibility.+%4 


System Lit, K* |SO%->, BOz. The phase diagram has six solid phases in equili- 
brium with the melt including K BOs, Lig(BO2)2,K2SOx, «-LiBOz, B-LiBOz, 3Li,SOuz,- 
2LiBOsz, and ternary eutectics melting at 525°, 570° and 726°C.”° The 3LizSO.,2LiBO. 
compound was stated in a later paper to be 3Li,-SO4,2Li.B.04.7° 


System LicB2O04-K2SO,4. There is a eutectic at 55 mole-°% LizB2O., m.p. 730°C.7° 


System Li*, K* ||BOz, PO?-. There are ternary eutectics melting at 594° and 
1 il Oran 


System Li*, K* ||BOz, WO2Z-. The compound 3LizWOu,,2Li2(BO2)27°, m.p. 
742°C, or 3LigWO.,2LiBO2"°’*"? and ternary eutectics melting at 558°, 564° and 
575°C, were found in this system.7® 


System Li*, K || BOz, Cl-, SO2-, WO2-. Rules for the representation of a quinary 
system were applied to this reciprocal system.®°® 


System Li*, Cs*||BOz, Cl~. In this reciprocal system***, the binary system 
LiBO.—CsBOz, forms the compound 3LiBO2,2CsBOs, m.p. 682°C, and has eutectics 
at 35 mole-?% CsBOs, m.p. 674°C and at 27:5 mole-°% LiBOz, m.p. 580°C. The other 
binary systems form simple eutectics. The diagonal LiBO.—CsCl is a binary system 
with a eutectic at 99 mole-’%% CsCl, m.p. 633°C, and liquid immiscibility at 
820°C from 6 to 97:5 mole-%% CsCl. This immiscibility area is larger than in the 
Li*+, K* | BOs, Cl- system. 


System Lit, Cs* || BOZ, PO?-. A double borate, 3LiBO2,2CsBOs, m.p. 672°C, and 
a double phosphate are formed. The binary system Cs3PO.—(CsBOz); has a eutectic at 
24 mole-% (CsBOzg)3, m.p. 676°C. The (LiBOz);-LizPO.4 system has a eutectic at 4 
equiv.-% LisPO., m.p. 827°C. The LisPO.-(CsBOz)3; system has a eutectic at 73 
equiv.-’% (CsBOz2)3, m.p. 590°C. The LiBO.—Cs2,BO, system has eutectics melting 
at 570° and 670°C, and the compound 2CsBOz2,3LiBO., m.p. 672°C. The ternary 
system has eutectics melting at 550°, 585° and 658°C.1219 


System NazO-Bz2Os, see p. 380. 


System NazBs0;,-NaBOz. Compounds 2Na20,3B2.03, 4Na20,5B203 and 4Na,0O, 
7B203, incongruent m.p. 792° and 863°C, and a eutectic at 737°C were re- 
ported 8° 871,874-5. but the 4:5 and 4:7 compounds have not been observed in later 
works.°7° 


System NaBO2-LiCl. In addition to the components, sodium chloride and lithium 
metaborate crystallize in this system.1°° 4944 


System NaBOo-NaF. There is a eutectic at 831°C and 60% NaBOg..°*° No solid 
solutions are formed. Cryoscopy indicated that the BOz ion is not dissociated in 
sodium fluoride.’*® 


System NazBsO7-(NaF)2. No compounds were reported; a eutectic exists at 20 
equiv.-°% Na2Fe, m.p. 680°C.’ Cryoscopy indicated that B40?~ gave four particles 
in sodium fluoride, probably 3BOz and BO*.746 


System NaBO2-NaCl. A eutectic exists at 750°C and 68:5 mole-°%% NaCl.*944 
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System NazB,O7-NaeCle. A eutectic exists at 86% Na2B.4O7, m.p. 710°C.726 There 
is a wide two-liquid region extending from 0-1 to 57 mole-°% Naz2B,zOz, and a double 
salt Na2B,4O7, NaCl.724 


System NaBO.-KCl. This is a stable system with a eutectic at 67°5°% KCl, m.p. 
6707G.A"4* 


System Na2B4O7-KCl. A eutectic exists at 72:5°% Na2BsO, and 660°C.726 


System Na2B,07-NaCI-KCl. A minimum m.p. exists at 86°% Na2B.Oz, 5°% NaCl 
and 9°% KCl, m.p. 640°C.726 


System NaBO2-RbCl. This is a stable system with a eutectic at 80 mole-°% RbCl, 
mips655° G:s2te 


System NaBO,-CsCl. A stable system with a eutectic at 89 mole-°% CsCl, m.p. 
596°C. 155: 494A 


System NaBO2-CsBr. A stable system with two liquids between 30 and 70 mole-% 
NaBOz and a eutectic at 96:5 mole-°% CsBr, m.p. 610°C.4944 


System NaBO.-KI. A stable system with separation into two liquids between 30 
and 70 mole-°% NaBO,..*944 


System NaBO.-RbI. A stable system forming two liquids between 10 and 80 
mole-% NaBOz.*944 


System (NaBOz)2-Na2SO,. A _ eutectic exists at 78 equiv.--% NasSOu, m.p. 
806°C.2134, 1206 


System NaBO2-LieSO,. This unstable diagonal has a fusion curve with four 
branches corresponding to LigSO., LiBO2, Na2SO. and NaBOz.22%% 


System Na20,4B203-Li20,SiOz. Three crystalline phases were found.®354 


System Sodium borate-lithium silicate-silicon dioxide. Liquidus surfaces and fields 
of primary crystallization have been determined.®®5 


System NaBOz-NaPO3. In early work one compound, NaBOz2,NaPO3, m.p. 
800°C, was found in this system (Mellor, V, 79). Later work showed the crystalliza- 
tion of three congruent-melting phases, m.p. 790°, 820° (NasP2,07) and 852°C 
(NagPOx,), and an incongruent melting phase, m.p. 570°C, in addition to the com- 
ponents, with eutectics at 11 mole-°4 NaPOs3, m.p. 846°; 28-6 mole-°%, 780°; 55 
mole-”%, 770°; and 87 mole-%, 530°C.12!4; 1218 In a study of the viscosity of this 
system, it was found that the composition containing 60°% NaBO, at 650-700°C 
contains crystalline particles in suspension and exhibits thixotropic properties.®®2 


System NaBOz-NasPO,. There is a eutectic at 13 mole-°% NasPO,, m.p. 910°C.1213 


System NaBO.—-Na,P207. A visual polythermal and thermal-analysis study indi- 
cated that there was a maximum melting point, 980°C or 972°C 1213-2134, at about 
80 mole-’~%, NaBOz. The phase concerned was identified as NasPO,, indicating that 
the system is an unstable section in the ternary system NagO-B,O3-P.O;.!213 Early 
work had been interpreted as indicating that 3NaBO2,2Na,P.0, was formed. There 


are two eutectics, at 48 mole-’% NaBOs, m.p. 850°, and at 94 mole-% NaBOzg, m.p. 
890°C.2219 


System NaBO,—-NazP207-NaCl. Cryoscopic measurements on NaBO, have been 
made,in the eutectic NaCl-Na,B207.°85 


System Nat || BOz, P2O04-,SO2-. Two eutectics were found in this system, melting 
at 734° and 769°C.2134 


System NazBsO;-NaPO3. There are a congruently melting compound, 2Na2B,0O,,- 
3(NaPO3)o, m.p. 772°C }?°8, an incongruently melting phase decomposing at 704°C 
and two eutectics, at 9 equiv.-°% Na2B,O,, m.p. 540° and tentatively at 95 equiv.-% 
Naz2B,O,, m.p. 63200 7308 
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System Na2B,s0O7;-NasP207. A compound Na2,B4,O,7,Na.P20,7, congruent m.p. 
794°C, and two eutectics, 31-5 equiv.-°% (Na2B,O7)2, m.p. 786°, and 49 equiv.-°% 
(NazB,O07)2, m.p. 688°C exist.*°4*4 Other work’?4 gave a eutectic at 50 equiv.-% 
Na2B,4O,, m.p. 696°C. 


System Na* | BsO7~, POs, P204-. This system contains two ternary, congruently 
melting compounds 2NaPO3, Na2B,0O7, Na4P2O7, m.p. 845°, and Na2B,O7, NasP2O7,- 
4NaPOs, m.p. 794°, and a eutectic melting at 782°C.12°5 


System NazBsO;-Na,P207-NaF. This ternary system has eutectics melting at 578° 
and 690°C 2844 


System Naz ||BOz, POs, SOZ-. In this system there are four eutectics, at 517°, 
667°, 745° and 796°C.5*14 


System NazB,O7-NazP20,—Na2SO.. There are eutectics melting at 680°, 725° and 
O95°C) 224 


System NaBO.-NazCrO,. There is a eutectic melting at 742°C at 15 mole-% 
NaeBeO..7*’ 869, 875 


System Na2BsO7,—-NaeCrO,. A eutectic melting at 715°C exists.875 


System Na2Bs07;-NaBO2—-Na2CrOz. Compounds 2Naz,0,3B203 .and 4Na,0,- 
5B2O3 (or 4Na20,7B203), immiscibility, and eutectics at 680°, 752°, 715°, 737°C 
have been reported.®®9 875 


System NaBO2-K2CrO,. This system is stable and has a eutectic at 37-5 mole-% 
(NaBOz)s, m.p. 784°C."4 


System NaBO.-MgB2O,. There is a eutectic at 800°C and 38 mole-°% MgB.O,.728 


System NaBO2—CaB20.. A eutectic exists at 28-5 mole-°% CaB.O., m.p. 855°C. 
The incongruent compound 2NaBOz2,CaB.O, is formed.718 


System Na,O-CaO-B20;3. The compound 3Naz,0,2CaO,5B203 melts at 880°C, 
absorbs moisture very slowly from the air, and dissolves slowly in water; its X-ray 
pattern has been published.?°*” 


System Na,O-CaO-B,0;3-SiOo. The liquidus temperature was lowered and the 
tendency to devitrify was reduced by the addition of 5°% (or less) of boric oxide.®®2 


System NaCaBO;-Na2CO3. Solid solutions are formed from 0 to about 10 mole-°% 
Naz2CO; and from 0 to about 10 mole-°% NaCaBO3.*8 


System Na*, Ca?* || BsO?~, SO2=. In this system the compounds CaB.O7,CaSO,, 
Na2B407,2CaSO.z, Naz2BsO7,2CaB,O, (presumably) and CaSO,4,2Na2SO, were 
found. There was liquid immiscibility in the binary systems NazB,O,—-Na.SO, and 
Na2B4,O7—CaSO,.94° 


System Na2B4O7,-ZnO. Seven maxima have been reported in the phase diagram, 
corresponding to various compounds. There is a eutectic at 70 mole-°% ZnO, m.p. 
900°C. The volatility was studied as a function of temperature, zinc oxide concentra- 
tion and added boric oxide. The best solvent for growing zinc oxide crystals (giving 
high zinc oxide solubility and low volatility) is a melt containing 20 mole-°% of 
B2O3 and 80 mole-% of NazB4O7.°?® The crystallization behaviour in a temperature- 
gradient furnace was studied.°°? 


System NaBO2-Al,03. This system is pseudobinary. Above 40 mole-% Al.O3, the 
compound Na20,Al.03,B203, d 2:62 g cm~°, m.p. 1010°C, is formed.!°9* 


System NaBO2.-Ga203. This system is also pseudobinary. Two compounds, 
2Na20,Ga203,2B203, m.p. 775°, and NazO,Ga,03,B203, m.p. 890°C, are formed, 
with eutectics melting at 710°, 740° and 790°C.71°4 
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System NazB4O7-Fe2O3. The phase equilibrium has been determined and single 
crystals of ferric oxide have been grown from Na2B4,O7—Fe203 and from Na2B.0O,7- 
ZnO-Fe,O3 melts.°% 


System Na2O-B203-SiOzg. A phase equilibrium study showed that the compound 
Na2O,B203,2SiO2 exists.°°° 


System Na2O,4B203-SiOz. No compound formation occurs in this system. There 
is a eutectic melting at 724°C and a region of immiscibility.?°” ®°° 


System Na2BsO,-NiO. A eutectic exists at 3 mole-°% NiO, m.p. 735°C.8°4: 8! The 
solutions deviates only slightly from ideality. 


System Na2B407-MoO3. A eutectic exists at 30°% MoOs, m.p. 590°C.298 


System NazB,0O7,-Nb20;. Sodium niobates NaNbO312° 1951135 and NaeNbg- 
Oz, 1351135 are formed. 


System Na2O-B203;-Nb20;. Phase equilibria and crystallization in this system 
have been studied by thermal analysis, X-ray diffraction and high-temperature and 
electron microscopy. A two-liquid area and NaNbO;, Na;NbO, and NagNb,O2 
were formed.195* 1185 


System Na2B,0O,-V20;5. A phase equilibrium diagram of the Na2B.sO;,-V2O; 
system °°*, based on DTA and X-ray investigations, shows the presence of eutectics 
at 610° (12:5%% NazB,4O7) and 590°C (35°% Na2B.O-,) and three compounds at 19, 
51 and 78°% Na2B.,O7. Other investigators, working on a small scale, did not obtain 
crystallization.+%° 


System NaBO.-KBO,. This system forms a continuous series of solid solutions 
with minimum m.p. at 46 equiv.-°4 KBOz2 m.p. 838°C 74:84 or 840°C.1218 Early work 
(Mellor, V, 79) had given this temperature as 850°C. An abstract of another paper ®’® 
gives this temperature as 668°C; this appears to be a misprint. 


System Naz2B,07-K2B407. This system has a continuous series of solid solutions 
with minimum m.p. at 35 mole-°%% K2B4O7, m.p. 668° ®7*, 666°C.7% 12°8 In one ab- 
stract®’°, there appears to be a misprint in the melting point. 


System Nat, K* || BOs, BzO2-. Compounds 2Na,0,3B203, 4Na20,5B203 and 
2K.0,3B203, and a compound having the probable composition NaBO.,3K BO. 
have been reported. Eutectics are at 668°, 670°, 704°, 737°, 778° and 838°C.874 


System Nat, K* || F~, B,sO?~. This system has low-melting eutectics, m.p. 632°, 
633° and 658°C.73 


System Na*, K* || B,O2~, Cl~. This system contains a two-liquid area extending 
from one side of the system to the other, covering 64°% of the area.7°4 


System Na*, Kt ||BOz;, POS. This system contains three fields of solid solutions 
and two ternary eutectics melting at 480° and 482°C.1218 


System Nat, K* || PO;, B,O2~-. Three eutectics, melting at 496°, 505° and 664°C, 
exist.2-°" 


System Na*, K* ||BOz, P204~. There are two isomorphous, congruently melting 
compounds, Na,P207,4NaBOz, m.p. 970°, and K4P207,4KBOz, m.p. 918°C, and 
two eutectics, m.p. 766° and 736°C.12°° 


System Nat, K* ||BOz, PO;. This system contains solid solutions of the borates 
and solid solutions of the phosphates. The lowest eutectic between them melts at 
about 820°C. The diagonal (NaBO.)3—-K3PO, has a eutectic at 30 equiv.-°% K3POu, 
m:per840°C.721" 


System Na*, K* || BOz, CrO?-. There are ternary eutectics melting at 727° and 
TTA°C, 74875 
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System Na*, K* || B,02~, CrO2-. This system contains two regions of immiscibi- 
lity ®’° and two fields of crystallization of solid solutions of sodium and potassium 
chromates and tetraborates.7? 


System Nat, K*|BOz, B,O2-, CrO2-. Incongruently melting compounds 
2Naz20,3B203, 4Na20,5B203 and 2K20,3B2QOs, a eutectic melting at 690°C, and two 
immiscibility regions have been reported. This bath has been recommended as a 
high-temperature molten-salt bath.®71>®7° 


System K2O-B2QOsz, see p. 397. 


System K2B,07-K2F2. The compound KF,2K.B,0, forms a eutectic with potass- 
ium fluoride at 44 mole-°%% K2B,4O7, m.p. 712°C.7% 


System KBO.KCI. A eutectic exists at 27:5 mole-% KBOzs, m.p. 723° #94 or 
115-G.e 


System K2Bs,07—Ke2Clz. In this system there is a two-liquid region extending from 
6 to 61:5°% K2B.O,, and a double salt, 2K2B,07,KCI.734 


System KBO2.-KCI-K2SO,. A ternary eutectic exists at 30 mole-°% KBOz and 56 
mole-°%% KCl, m.p. 640°C.?4® 


Systems KBO2—NaCl and KBO,.—NalI. These systems are unstable diagonals in the 
phase diagrams.*?*4 


System KBO2-K2SO;,. A eutectic at 32 mole-% K.SO., m.p. 860°C, was re- 
ported.?*®-" In other work, the eutectic was found to be at 57:5 equiv.-°% K2B20u, 
m.p. 848°C784:411; an incongruently melting compound was found, evidently 
6KBO2,K2SO,4.7° oe 


System K2B,07-K2SO,. There is a eutectic at 6 mole-°% K2SQO., m.p. 783°C, and 
liquid immiscibility in the range 10—-70°%% K2B,0,.+?1° 


System KBO.-KPO3. The compound KBO2z,KPO3 was reported earlier (Mellor, 
V, 79). In a later investigation, an unidentified congruently melting phase, m.p. 
712°C, tetrapotassium pyrophosphate, m.p. 880°C, and eutectics at 13 mole-% 
KBOz, m.p. 684°, 31-5 mole-’4 KBOz, m.p. 600° and 77:5 mole-’% KBOz2, m.p. 
760°C, were found.+?1°: 1218 The system is therefore ternary.'2!° These eutectics were 
previously thought to correspond to the binary compounds 2KPO3,3KBOg, and 
4K PO3,K BO2.7%“ 


System K,O0-B203-P20;. The following compounds have crystallization fields in 
this system: K3PQu,, K4P207, K5P3Q;0, KPOs, KBO,, K.2B,07, K2BegQi0, K2BgQ,3, 
BPO,, 5K.0,4P20;,B203 (congruent m.p. 712°C), a hypothetical compound 
3K,0,4P.0;,3B203, and a compound of unknown composition with an incongruent 
Oe 9 Rebate 


System K2B,407-(KPO3)2. Two congruently melting phases, m.p. 684° and 735°C, 
one incongruently melting phase, m.p. 764°C, and three eutectics melting at 662°, 
705° and approximately 586°C 12°® were reported. A later paper?!?!° gave melting 
points 677° and 750°C for the compounds having temperature maxima and 698°, 
713° and 610°C for the eutectics. 


System KBO.—K.4P207. Ks3PO,4 is formed between 15 and 26 mole-% K,4P2O,, 
melting incongruently at 850°C in this system?2!°, which is therefore an unstable 
section of the ternary system K2O—B2.03—P20s. 


System KBO.-K3PO,. A eutectic exists at 20 mole-°% K3PO,, m.p. 880°C ?"%, or 
at 66°5 mole-°% (KBOz)3, m.p. 906°C.122” 


System K2BsO;,-KPO3;-K2SO,4. There are eutectics melting at 604°, 585° and 
684°C, 1215 
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System KBO2—K,4P20;-K2SO,. This system contains the crystallization field of 
K3PO, as well as those of the components, and has ternary eutectics melting at 
838° and 862°C.12°° 


System (KBOz)2-K2WO,. There is a eutectic at 40 mole-°% K.B.O,, m.p. 
S08°@ao 4" 


System K* ||\SO2?-,PO;, BOz. Two eutectics, m.p. 630° and 740°C, were re- 
ported.?*” A later study indicated two congruently melting compounds, apparently 
incorrectly thought to be 3KBO2,2KPO3 and KBO2,4KPO3, an incongruently 
melting compound, 3(KBOz)2,K2SO,, and three ternary eutectics, m.p. 532°, 603° 
ana 725 Co" 


System KBO.-K2CrO.. There is a eutectic at 37 mole-°% K2BsOu, m.p. 830°C.74 875 
System K2B,07—-K2CrO,. In this system there is a eutectic melting at 756°C.87> 


System K* | CrO2-, BOs; , Bg02-. This system contains an incongruent compound, 
2K,0,3B203, and two eutectics, melting at 748° and 794°C.7+ 


System KBO2.-KCI-K2WO,. This system contains a double salt, KBO2,K2WOg, 
which does not exist in equilibrium with the liquid in the KBO2.-K2WO, system, anda 
ternary eutectic melting at 604°C.°°° 


System KBO.—-MgB2O0,. There is a eutectic at 36 mole-°4 MgB.O,., m.p. 746°C.72° 
System KBO.—CaB20,. A eutectic exists at 32:2 mole-°4 CaB2Ou., m.p. 858°C.718 


System K2B,O7-NiO. There is a eutectic at 4 mole-°% NiO, m.p. 788°C. The solu- 
tion behaviour is nearly ideal.8°* + 


System K2B407—Fe203. Phase equilibria have been determined and single crystals 
of ferric oxide have been grown in this system.°? 


System K2B,07,-PbO-Cr203. Phase equilibria have been determined and single 
crystals of chromic oxide have been grown.°? 


System Rb2zO-B2QOs, see p. 403. 

Systems RbBO.—NaCl and RbBO.—-Nal. These diagonals of the ternary systems are 
unstable.*?*4 

System Rb2B,0O7-NiO. There is a eutectic at 2 mole-% NiO, melting at 710°C. The 
solution behaviour is nearly ideal.®°* °+ 

System Cs2O-B2Os, see p. 408. 

Systems CsBO2—-NaCl and CsBO.—-NaBr. These systems are unstable diagonals in 
the ternary systems.*°*4 


System Cs2B20.—Cs2SO,. A phase was found with a temperature maximum at 
674°C. Eutectics exist at 667°C and 12:5 equiv.-°%% Cs2SO., and at 673°C and 25 
equiv.-°% CseSQ,4.9? 


System CSBO.—CsPO3. Two phases, giving temperature maxima at 671° and 760°C, 
were found. Eutectics are at 16 equiv.-°% CsBOzs, m.p. 627°, at 30 equiv.-94 CsBOz, 
m.p. 639° and at 859% CsBOs, m.p. 629°C.914 


System Cs* || BOz, SO2-, POS. This system has ternary eutectics melting at 604°, 
608° and 618°C.9? 


LIQUID—LIQUID PHASE EQUILIBRIA 


System NazO-B203—-Naz2SO,. Sulphur dioxide is absorbed from mixtures with air 
by melts of the composition NazO,7B203, with formation of sulphate in the melt. A 
second liquid phase, largely sodium sulphate, is formed when the gas mixture is 
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passed through the melt for a sufficient length of time at 975°C.779 At 1200°C the 
Na2O-B,0;—Na2SO, systems forms two liquids when the sodium sulphate content 
is more than about 2 mole-%, if the sodium oxide content of the borate phase is 10- 
25 mole-’%. If the borate phase contains 30 mole-% of sodium oxide, the. sodium 
sulphate concentration may reach 5 mole-% or more without separating.’”® If the 
sodium oxide content is low, the sodium sulphate content of the borate phase is low 
also. This has led to a commercial method of production of technical boric 
oxide 7664: 1046, 1048-9, 1052, 1054, 1054A, 1071, 1074-6 by fusion of a mixture of borax and 
sulphuric acid and separation of the two liquids. 


Systems Na,O-B.O;-NaCl 66, 221, 795, 1055, 1138, te Na,O-B.O;-NaBr 2197,,795,1055, 
1138 qnd Naz,O-B2O3-Nal.112® Molten sodium chloride, bromide and iodide are 
only very slightly miscible with molten boric oxide, as the latter is non-ionic. 
When the Naz2O:B203 molar ratio is less than 1-4 very little borate dissolves in the 
halide phase. The heavier liquid is richer in halide; the lighter is richer in borate. 
When sodium metaborate is added, polyborate salts are formed which are more 
miscible. When sufficient sodium metaborate has been added at 800—-980°C, one 
liquid is formed.?*% 77? In a study of the liquid-phase equilibria, surprising irregu- 
larities in the solubility curve of sodium chloride at 810°C, and of sodium bromide 
and iodide at 800°C, in the sodium polyborate layer, and in the solubility of sodium 
polyborates in the sodium chloride layer at 800°C, were reported.2!9 221 1138. 1140 
These fluctuations were attributed by the authors to formation of addition com- 
pounds or polyborate groups in the melt, but they appear instead to be due to experi- 
mental difficulties involved in working at temperatures close to the freezing point.12° 
Sodium metaborate and sodium iodide are not completely miscible at 980°C.1138 


System KBO2-B203;-KCl. The two-liquid region has been determined.®® 


System Na,O-B2O3-KCl. Experiments in which ?2Na-labelled sodium borate was 
equilibrated with potassium chloride at 830°C showed that the K* concentration was 
higher than that of Cl~ in the borate phase, and that the Na* concentration was 
higher than that of BOZ in the halide phase.1142 

In a system consisting of a molten alkali-metal borate layer in equilibrium with 
another fused-salt phase, the distribution coefficients of elements such as cesium, 
rubidium, barium, strontium, neodymium, europium and silver, added in micro- 
quantities, differ from each other and also vary greatly with the alkali-metal oxide 
content of the borate layer. This behaviour has led to processes in which molten 
alkali-metal borates are used in high-temperature separations by means of liquid— 
liquid extraction.7*%- 1031; 10814, 1190, 1143 The distribution of small amounts of various 
metal ions between molten Na,O-B.O3 and molten alkali halides and nitrates has 
been studied as a basis for such ion-exchange processes.’13: 1145-1143 A glass of the 
composition NazO,3B203 which had previously been saturated with sodium chloride 
while in the molten state has been found to be a good solid ion-exchanger for barium, 
strontium and europium when in contact with molten sodium nitrate at 550°C. 
Distribution coefficients for these ions and for *°7Cs + ?2Na have been determined by 
radioassay. 71? 1139 


SUBMICROSCOPIC IMMISCIBILITY IN GLASSES 


Submicroscopic liquid-phase separation, metastable or stable, into droplets of 
diameter 8-250 A occurs in some NazO-B,O3 and other glasses.2234: 267: 2674, 268, 310A, 
362A, 453, 460A, 520A, 570A, 691, 723, 754, 755, 763A, 777, 793A, 815, 881, 890, 944, 1180, 1231 In the mol- 
ten alkali-metal borate systems the separation into two liquids is metastable, occur- 
ring only at temperatures below the stable liquidus curves, and may be brought about 
by annealing the glass after it has been cooled.’°* Consolute temperatures and the 
approximate regions of immiscibility (mole-°% alkali oxide) are as follows: LizO—B.O; 
660°C, 2-18; NazO-B203 590°C, 7-24; K,O—-B2O3 590°C, 2-22; Rb2O-B2O03 590°C, 
2-16; CszO—-B203 570°C, 2—20.7°* No opalescence is visible, but the separation may 
be seen by electron microscopy.75* 
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A study has been made of the effect of phase separation on the mechanical and 
viscous properties of borate glasses.°1?“ Continuous measurements of electrical con- 
ductivities of various NazO-B2,03 melts have been made during cooling. The 
Arrhenius conductivity plot for each melt shows a distinct change in slope, which is 
attributed to subliquidus phase separation.®°° The consolute temperature is 615°C 
at 15 mole-%% Na2O. The phase separation may explain other anomalies7°>, such as 
internal friction.*+9°“ The size of the phase-separated areas is decreased by applying 
high pressure.’°°-° The region of metastable immiscibility for the system Na.O,- 
4B.03-SiOz has been determined.®??’ 111” With prolonged annealing the two liquids 
disappear and the system forms a stable liquid and silica crystals or a mixture of 
Na.O,4B.03 and silica crystals, depending on whether the temperature is above or 
below the eutectic temperature of 675°C.1117 

The system NazO-B203-SiO2 7°" contains three regions of metastable subliquidus 
immiscibility. A three-liquid region was reported below the immiscibility surface 14, 
but a later study indicated two rather than three phases near the centre of the im- 
miscibility gap.1!”° The pore radius in acid-leached borosilicate glass is 8-10 A and 
the pore volume decreases with boric oxide content.°** In lithium borosilicate glasses 
the particle size of the dispersed phase is larger than in sodium borosilicate glasses.72° 


OXIDATION-REDUCTION EQUILIBRIA OF DISSOLVED METAL IONS 


The colours given by various metal ions when dissolved in molten borax has led 
to the use of the ‘borax bead’ in qualitative analysis.**: 198 8764 A considerable 
amount of work has been done on the oxidation-reduction equilibria of metal ions 
dissolved in alkali-metal borate glasses. Dissolved in these glasses, ferrous oxide is 
colourless, ferric oxide is yellow, and certain mixtures of the two are blue.*2 The 
spectral transmittance of borax glass containing dissolved iron has been measured.®° 
Iron is in the trivalent state in air-melted alkali-borate glasses.°°° Transmittance 
studies have shown two forms of iron to be present under oxidizing conditions and 
three forms under reducing conditions.*° 

A discussion of the relation of acid—base properties of borate glasses to the oxida- 
tion-reduction equilibrium of dissolved transition metal ions has shown that Cr®+, 
ve*, V8*, Co?* and Ni?* can be used as colour indicators to study the acid—base 
character of the glass.1°8+ 

A study of the manganous—manganic equilibrium in lithium, sodium and potassium 
borate glasses showed that there is a linear relation between log[Mn(III)/Mn(I])] 
and the mole-°%% of alkali-metal oxide. The equilibrium also shifts toward the oxi- 
dized state with increased atomic weight of the alkali metal.°°° The changes in the 
absorption of Mn(III) in lithium, sodium, potassium, rubidium and cesium borate 
glasses with change in the ratio alkali oxide: BgO3 has been studied.°°°4 The Mn(II)- 
Mn (III) equilibrium is also affected by temperature and oxygen pressure.*? 

Divalent cobalt in alkali-metal borate glasses is predominantly octahedral at low- 
alkali concentrations; tetrahedral cobalt increases with increasing alkali-metal oxide 
concentration and increasing atomic weight of the alkali metal. In binary alkali- 
borate glasses, the alkali oxide concentration at which the formation of tetrahedral 
cobalt begins is 18 mole-%%4 K2O, 19 mole-°%% Na,O and 22 mole-% Li,O.64° The 
cobalt ion is red in acidic alkali-borate glasses and blue at higher alkalinity.12! 

Nickel ion shows two colours, due to yellow Ni?* and violet-purple NiO?~ 
ions.*?* Optical absorption spectra of alkali-metal tetraborate glasses containing 
nickel oxide have been obtained and interpreted in terms of glass structure.®® 8? 

The effects of temperature, composition and oxygen pressure on the oxidation- 
reduction equilibria of chromium in molten NazO-B203 °°, and in molten Li,O- 
B20; and Kz0—B20; °°° have been studied. Cr(III) and Cr(VI) were shown to exist in 
complex forms.°’°“ Colour transformation curves in sodium, potassium and lithium 
borate melts containing chromium oxide at 1100°C have indicated a colour change 
at 17:5 mole-’% Na2O, 8 mole-’%% K2O and 46 mole-% LizO. The Cr(III)—Cr(VI) 
indicator is yellow in strongly alkaline melts and green in strongly acidic melts.°15 
Absorption bands for transition-metal ions change markedly at 15% Na2O.*! 
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Electron paramagnetic resonance studies of Cu(II) in cesium borate glasses have 
been made.*?*° In binary alkali-metal borate glasses the minimum ratio of Cr(VI) 
to total chromium was at 25-30% Li,O, 109% Na2O and 3-5°% K.0.®°° The avail- 
ability of oxygen ions for bond formation, as measured by the Cr(VI): Cr(III) ratio 
corrected for oxygen pressure, showed a minimum in the LigO—B2O3 system which 
could be correlated with anomalies found in the glass. No such minimum was found 
in the K,O—B.2O3 system.°®° 

In Naz,O-B2,0;—CuO glasses, measurements of spectral transmissions at various 
Cu* and Cu?* concentrations indicated that Cu* had no effect on the absorption. 
For equal amounts of Cu?*, increasing boric oxide up to 80°% increased the ab- 
sorption in the red. Still more boric oxide decreased the red and blue absorption.*"+ 
The blue colour due to Cu(II) deepens with increasing alkalinity and decrease in 
temperature.** Both Cut and Cu?* absorb in the ultra-violet region. When sodium 
chloride is added, a chloro-complex is formed, more easily with decreasing sodium 
oxide content, and the ultra-violet and near infra-red spectra change significantly.1°5” 
A theory has been proposed to explain the effects of oxidation, reduction and boric 
oxide content on the colour of sodium borate glasses in terms of structure.!7® 


ELECTROLYSIS OF BORATE MELTS 


By electrolysis of alkali-borate melts in which are dissolved metal oxides, with or 
without additional salts, various metals and compounds have been produced.?? 
Production of the following materials has been investigated: copper (unsuccessful 
fromborate melts)?") boron: 2° 76:27) 875) <carbides??"2®; stantalum?? 51%,. titan- 
nme ty? tungsten from ore concentrates +? 250, 689A, 994, 2000; 07 Aung 
stery7012%+ 516, 689A, 1000, 1001 , spinels of vanadium ?® 24, a variety of borides 2°- “1, 27-8, oe ht 
zinc?°, molybdenum 2° 27,934, »1220° carbon, FetG; WC??)27) W.2C?27, Mose C2. 
Mg0O,V203 and Li,O,2V20374, ferric oxide, 4FeO,Fe.03,B20375, MoB, WB, 
MoC, W2C, WC, arsenic, MoSs, WS278, WFez, WeFes, MoezC, WeC, MoAs, WAs, 
W-Sb and Mo-Sb alloys?’-8, germanium 2? >? 98 251,689" Ge—-Ni, Ge-Fe, Ge-Mn 
alloys®?, Ge-Sn and Ge-—As alloys®®, Ge-W and Ge—Mo alloys®!, antimony"; 
sodium ferrate°; iron oxides?°; Mo2B, MoB, WB, arsenides, arsenic, WAs, MoSs, 
W857 POR: W2Fe3 2°, niobium?” °>?°, thorium?’>!*, zirconium?’ ?°* and boride 
films on steel.2°4: 572, 637, 1024, 1086 BoQ,:M2O molar ratios of 2:5 to 12 are preferred 
for electrolytic boriding of metals.*°'® Electrolysis of alkali borates containing 
germanium dioxide produced unsatisfactory alloys, which contained boron.*® 
Electrolysis of antimony oxide in fused borax produced antimony metal +79: 9°° but 
electrolysis of vanadium pentoxide in borax produced lower vanadium oxides rather 
than vanadium metal.’*” Borax or other borates, melted with boric acid, alumina and 
cryolite or other fluoride at 790—880°C forms an electrolyte for the production of 
aluminium.'°°? At 1100°C, drops of NisS2 and Cu.S in a melt of 279% Na2O and 
73°% B2O3 moved toward the anode; drops of copper moved toward the cathode.??° 

Boride films on tungsten, molybdenum, nickel, cobalt, tantalum, rhenium and iron 
were made by treating these metals with molten borax and B.C.°’? Metal surfaces 
(including steel), have been borided in a fused-salt bath containing borax and 
carborundum.??27*: 1179 


OTHER ELECTRICAL PROPERTIES 


From measurements on the cell Ni| NiO-molten Na2B.O,|O.(Pt) at 800° and 
900°C, thermodynamic functions of nickel oxide dissolved in fused borax have been 
determined.*!! Voltammetry and chronoamperometry studies have been made in 
carbonate—borate melts.°*®4 

By means of e.m.f. measurements with platinum—oxygen electrodes, the activity 
and activity coefficients of lead oxide and bismuth oxide were evaluated in molten 
borax at 780°—920°C2°: 206.1162 and in molten dipotassium tetraborate at 850°C.°?° 
The activity coefficients have also been evaluated by means of concentration cells.°*? 

Polarographic studies of the oxides ZnO, GeOz, MoOz, Cr203 and WOsz dissolved 
in molten borax have indicated that ZnO, GeO2 and MoOg were reduced directly to 
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metal by electrolysis.“°? Polarographic studies of the following oxides in fused borax. 
have been reported: MgO, SrO, BaO, Al,O3, Cu20*°*, ZnO, Cr2O03 7° *°*; Fe.Os, 
CoO, NiO 20° 204-5, 404. Cy 199 201, 205. CqQ 199; 201, 205. SnO, 200, 205. GeO, SbeOz, 
Bi,zO3, MoOzs, WO3.2°° Polarographic investigation of tin dioxide, antimony tri- 
oxide and bismuth trioxide in fused borax indicated that complex ions were formed in 
the melt?’” and that the metals could be determined by the polarographic method.?”® 

Potentials of galvanic cells consisting of various oxides in contact with fused borax 
have been measured and discussed from a theoretical viewpoint.°°! Decomposition 
potentials of oxides dissolved in molten borax were determined at 840°C, leading to 
the following electrochemical series: Na, Cr, Mo, Fe, Mn, W, Zn, Sb, Ni, Sn, Cd, 
Bi, Tl, Co, Pb, Cu, Ag.?°? Heats of formation show that these oxides dissolve in 
molten borax with evolution of heat.?° 

For titanium dioxide and molybdenum trioxide in molten borax the decomposition 
potential was found to decrease with increasing concentration.’®! A study of the 
decomposition potentials suggests that in these electrolyses the primary process is the 
reduction of titanium or molybdenum oxides rather than the reduction of sodium, 
but that in the electrolysis of tungsten trioxide, sodium is formed, together with 
tungsten.’° 

The properties of the platinum in oxygen|Ca-stabilized ZrO.2|salt melt electrode 
system in sodium metaborate have been compared with the properties of this elec- 
trode in other fused salts.2°? Dissociation and polarization potentials were deter- 
mined at 900°C in the molten systems Na2B,O;—-NaF, NaBO.—NaF and NasBO3- 
NaF, and also in these systems with added zirconium dioxide. When zirconium di- 
oxide was present, the dissociation potential was 0-6.79 

The potentials of galvanic cells consisting of oxides in contact with molten borax 
and of borax in contact with window-glass melts have been studied.°°? 
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SECTION A10 


PREPARATION AND PRODUCTION OF 
ALKALI-METAL BORATES 


BY D. I. PRICHARD AND E. V. REID 


INTRODUCTION 


The alkali-metal borates cover a wide range of compositions of the general 
formulation xM2O, yB203,zH2O, one of the features of the series being the readi- 
ness of boric acid to form numerous ‘polyborates’, the chemical authenticity of 
some being in doubt. Methods of preparation follow generally the fundamental 
acid—base reaction to form the appropriate salts, but derived and other methods 
have been known for many years. They are described in Mellor’, by Kemp? and 
by Nies® (see also section A9), which reviews also contain extensive bibliographies 
(see also Yilmaz* and Menzel®). 

The manufacture of alkali-metal borates is almost confined to the sodium salts, 
with minor activities in potassium, and to a lesser extent lithium. The sodium salts 
have an important and varied place in industry, and the quantities produced an- 
nually are very substantial and growing.® However, their manufacture is generally 
concentrated in a few large producers, and for this reason the literature on the 
chemistry of the processes and the detailed technology involved is relatively sparse. 

This text will deal with the preparation and manufacture (where appropriate) 
of each individual borate in sequence under section headings for borates of lithium, 
sodium, potassium, rubidium and caesium, respectively. 


LITHIUM BORATES 
Lithium Tetraborate, LizO0,2B,03;,3H2O 


This compound has been prepared on a commercial scale by direct reaction of 
lithium hydroxide and boric acid’, a slurry of the two materials being heated to 
90°—100°C to remove excess water formed by the reaction and then seeded to promote 
crystallization, which is followed by slowly cooling to 40°C to avoid formation of 
the di- or octa-hydrate. The exact degree of hydration of lithium tetraborate is in some 
doubt, both tetrahydrate 2"? and trihydrate??? being reported for crystals obtained from 
aqueous solution. Calcination at 400°—600°C will produce the anhydrous product. 
Direct production of the anhydrous material can also be effected by heating a mix- 
ture of lithium hydroxide and boric acid® gradually to 550°-650°C, sufficient lithium 
borate being recycled to prevent sticking and balling of the product. Lithium chloride 
has also been used for a fusion preparation.?° 


Lithium Metaborate, Li,O,B,O; 


This salt may be anhydrous or have 16H2O. According to Le Chatelier (ref. 1, 
p. 65), anhydrous lithium metaborate can be prepared by direct fusion of the 
stoichiometric quantities of lithium carbonate and boric acid or oxide; the hexa- 
decahydrate is obtained by dissolution in water and controlled crystallization. 


Refs. p. 510. Literature coverage is up to 1972 
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SODIUM BORATES 
Basic Sodium Borates 


A number of basic salts of the general composition xNa2O, yB203,zH2O have 
been reported’~?, for example with x:y=3:2, 5:2, 3:3 and 2:1. 


; Sodium Metaborate 
(Otherwise Sodium Diborate.) 


This salt exists as several hydrates of the general composition NazO,B203,zH20. 


SODIUM METABORATE OCTAHYDRATE, Naz2O,B203,8H20 or NaBO2,4H2O 


This, the normally available commercial form of this product, is produced by 
crystallization from an aqueous solution containing equimolar proportions of sodium 
hydroxide and borax below 30°C. Benedikt! produced triclinic crystals of this salt 
by concentrating a boiling solution and leaving it to crystallize over concentrated 
sulphuric acid. Manufacture by direct admixture of the necessary constituents, 
using borax penta- or deca-hydrate with sodium hydroxide dissolved in just enough 
water to furnish the composition desired, is described in a patent by Seibert.*? 
Various methods also exist for the direct preparation of metaborate solutions from 
sodium or calcium borate minerals.**-!7 Sodium carbonate or bicarbonate may be 
used instead of the hydroxide. Some processes involve fusion prior to aqueous 
extraction.*°-*°: +21 


SODIUM METABORATE HEXAHYDRATE, Na2:O,B203,6H2O0 


Claimed to have been made by Berzelius as a confused mass of crystals by melt- 
ing the octahydrate in its own water of crystallization and cooling the product to 
0°C, can also be manufactured as a stable product by the direct addition of a sodium 
hydroxide spray of the correct composition to an agitated bed of borax penta- 
hydrate.?® 


SODIUM METABORATE TETRAHYDRATE, Naz2O,B203,4H2O 


Also available commercially and may be obtained by direct crystallization from 
the metaborate solution at temperatures in excess of 55°C. It may also be prepared 
by vacuum dehydration of the octahydrate. Benedikt! prepared crystals of this 
product by fusing 1 mol of the octahydrate with 2 mols of sodium hydroxide and 
allowing the aqueous solution to crystallize. 


LOWER HYDRATES OF SODIUM METABORATE 


Various commercial processes exist for the preparation of metaborates of lower 
hydration by direct admixture and heating of the dry constituents, products corres- 
ponding to various hydrations (between 2 and 4) resulting.19-?° 

The monohydrate, Naz0,B.03,H.2O, is reported to be formed by dehydrating the 
tetrahydrate, by crystallizing highly alkaline solutions above 40°C, or by seeding 
techniques.2-3 


Sodium Tetraborate 
(Otherwise Borax.) 


Sodium tetraborate exists in several forms of the general composition Na2O,- 
2B,03,zH2O, and is the best known of all the alkali-metal salts of boric acid. 


SODIUM TETRABORATE DECAHYDRATE 
Commonly known as ‘borax’ or ‘decahydrate borax’, this is the principal form 
of sodium tetraborate, being the stable modification under normal atmospheric 
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conditions; it is comprehensively dealt with in Mellor! and Kemp.? There are four 
well-defined general methods of manufacture of borax, and a number of miscel- 
laneous methods; these are dealt with in successive sections below. A general review 
up to 1931 was given by Santmyers?*; other reviews are given by Dingley?®, Man- 
ning?°, Berlin?” and Kitchen.?® 


Manufacture from Boric Acid 


This method, described by Mellor’, by Sborgi®°, and by Donato*?, has commer- 
cial application where boric acid occurs naturally, and where it is convenient to 
extract boron values from ores as boric acid, rather than as sodium salts. The 
preferred method is the reaction of alkali, usually sodium carbonate in hot aqueous 
solution, with the boric acid, the alkali being 1-5°% in excess over theoretical (Dol- 
ley 37). The resulting liquors may be treated with a variety of chemicals in small 
quantity to remove undesirable impurities, such as organic matter, iron, arsenic 
and other trace elements (Campbell **-*; Nies*°; Taylor and Haber*®; Kuhnert 3’; 
Schering-Kahlbaum A.-G.°%; U.S. Borax and Chemical Co. Ltd.°°; Nies and 
Kendall*°; Kelly*+), or electrolyzed (Penland #?); it is then filtered to remove in- 
solubles and crystallized by any of the conventional techniques. Those known to 
be in use include vacuum crystallization (Burke, Allen, Peet, Ritchie and Gale**-5; 
Burke**), agitated forced cooling at atmospheric pressure (Allen, Gale and Ritchie *”), 
and natural cooling under static conditions (e.g., Watterson**). The last method 
produces relatively large masses of crystals, whereas the other methods in general 
use provide small discrete crystals of varying small sizes (known as granules), 
depending upon the conditions of manufacture and the equipment used.??: 49-51 
Various substances have been suggested as ‘promoters’ of crystallization, notably 
sodium nitrate.°? The mother liquor is separated from the crystallized borax by 
natural drainage in the case of crystal, but usually by mechanical means such as a 
hydroextractor in the case of granular material. The liquor is sometimes discarded; 
it may be used as a re-cycling mother liquor, or evaporated to produce a further yield 
of borax, depending upon manufacturing circumstances. The de-watered borax is 
then dried, either naturally under suitable ambient conditions, or more usually in a 
hot-air stream in a conventional commercial drying plant. Care must be exercised 
in operating such equipment, as borax is somewhat temperature-sensitive even below 
100°C and partial dehydration may occur, leading to a product slightly deficient in 
water and possibly liable to cake on storage (Burns®?, Schmitt 5+). The above-des- 
cribed methods are normally used in all commercial operations, whatever the 
source of borax liquor. Alternatively, a modification of the ammonia-—soda (Solvay ) 
process was proposed by Dresel and Lennhoff®*, in which the reaction (NH,)e- 
B,O, + NaCl — Na2B,07,+2NH,Cl was used, the ammonium borate being formed 
by the interaction of ammonia and aqueous boric acid. This system has been syste- 
matically studied by Sborgi and Franco.°® Recent methods have also been described 
for the manufacture of borax by reaction of a sodium source (such as the hydroxide 
or bicarbonate) with ammonium borate solutions, the ammonium borate being 
thermally decomposed in a distillation column.?+ 


Manufacture from Naturally Occurring Sodium Borate Ores 


The principal naturally occurring sodium borate ores are tincal, Na2O,2B.03,- 
10H20 and kernite Naz0,2B203,4H2O, which usually occur as relatively pure salts 
mixed with clays or shales, and in which the primary problem is the separation of 
the undesirable insolubles prior to the working up of the pure borate by methods 
such as those described in the previous section. A wide variety of methods for this 
primary separation has been proposed: 


1. Digestion of the crude ore with water or mother liquor, with or without previous 
grinding, at normal or elevated pressures, at temperatures between 100°C and 
400°C.°"-° This type of process is currently used by U.S. Borax.® 29 
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. High-intensity magnetic separation.°® °7 

. Partial dehydration of ore, grinding and screening before aqueous extraction.®® 

. Froth flotation.°9-71 

. Treatment with excess alkali to form the more soluble metaborate prior to separa- 
tion’’; a slight excess of alkali is usually provided in the borax liquor to be 
worked up.’* (The equipment used for separating the insolubles from the borax 
solutions is diverse, and is described in Section A3 of this Supplement.) 


nb WN 


Manufacture from Natural Brines or Salt Lakes 


A major naturally occurring source of sodium borate is in the brine liquors of 
certain partly dried-up salt lakes, notably Searles Lake and Owens Lake in Cali- 
fornia, where the borate is a minor but substantial constituent. The general method 
of recovery of borate (and other salts) is by fractional crystallization of the brines, 
which may or may not be treated with various other materials, with or without 
partial evaporation. There is extensive literature on these processes, which are 
reviewed.® 29-75-9118 Process details have been described in patents.°°-1°° Treat- 
ment of the brines with sulphuric acid (to increase borate solubility compared with 
potassium chloride?®’, or to increase phosphate solubility compared with borate+°), 
sulphur dioxide?® 19-197, sodium hydroxide?°*, or sodium bicarbonate? , is 
claimed to improve various salt separations. The effect of alkalinity on the crystal- 
lization of the brines was discussed by Wells.1°° Directly or indirectly altering the 
sodium bicarbonate/carbonate ratio in brines containing sodium carbonate gives 
improved means of separating borates from the other salts present.1°’-§ Removal 
of small quantities of silica is achieved by sodium aluminate.1°° Use of calcium or 
magnesium borate or sodium metaborate is proposed for removal of carbonate??° 
or phosphate.'11 Flotation methods of separating mixtures of salts are described. 119-1 
Separation of lithium salts and borax from brines has been described.!17 Lime has 
also been used to treat magnesium-containing brines, the boron values being pre- 
cipitated on magnesium hydroxide.'!® Ferric oxide and chromic oxide gels have 
been claimed to be effective in recovering boron values from the brines.!12 

More recently, processes have been developed using liquid/liquid extraction 
techniques to recover boron values from alkaline brines.12°-* All or part of the 
liquid used for extraction forms complexes with the borate ions. The borate com- 
plex may be insoluble, when it is separated, or it may be recovered from the liquid 
extract as boric acid after treatment with mineral acid (usually sulphuric) and the 
boric acid then further refined as described above. The materials used for complex- 
ing include a wide range of polyols, and they may be used in conjunction with other 
organic liquids (usually kerosine) to act as carriers. Development of the techniques 
has revived interest in the extraction of boron values from brines weaker than those 
usually thought commercially workable; in particular, the ocean as a source of 
borates is now receiving renewed attention.!?° Earlier work in this field was con- 
cerned with concentration by evaporation??°, sorption on calcium or magnesium 
compounds?’?’, or removal from acidified brines by using aliphatic alcohols.28 
Methods are also described for the separation of borax from mixed saline deposits 
as obtained from the Ladakh area of Kashmir.1®° A permeable cell for the separa- 
tion of borax from solution has been patented.?°° 


Manufacture from Other Naturally Occurring Borate Ores 


The calcium and sodium calcium ores such as colemanite, pandermite and ulexite 
have long been used as raw materials for borax production, but are now of less 
importance than formerly following major discoveries of relatively pure sodium 
borate deposits in California in 1927. They can be converted to borax by the action 
of sodium carbonate/bicarbonate as described in Mellor1, and by Wood.!2° Yields 
in excess of 90% are obtainable by careful pH control.®® Sodium pentaborate can 
be made directly from ulexite.21® Modifications of the methods include the use of 
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calcined colemanite!*°-!° and use of continuous counter-current aqueous or aqueous- 
alkali extraction.1%!-3215 Sulphur dioxide has been used to decompose calcium 
ores!?4-5, as have ammoniacal solutions (to form ammonium borate, which can 
then be converted to appropriate sodium salt).1%®?1° Use of water alone to extract 
boron values from calcium borates has been suggested, but seems likely to be only of 
academic interest.1°” The results are also of doubtful validity. 

More complex borates, sometimes with very low boron values, have been used 
to produce borax, usually via boric acid as an intermediate. The borates used are 
often magnesium-containing, and may also contain combined silica. The methods 
employed are often highly involved and usually designed in detail to suit the avail- 
able ore supply, which may vary considerably in the content of gangue impurity. 
Hydroboracite (CaO,MgO,3B203,6H2O) and ascherite (2AMgO,B203,H2O) are the 
best known magnesium containing ores used for this purpose. An electrolytic 
aqueous solution method, whereby sulphuric acid produced from magnesium sul- 
phate dissolves suspended mineral, is described.+#® Decomposition of hydroboracite 
by sodium sulphide yields sodium metaborate as a first step?°°; this method may 
also be applied to ascharite.'*° Other methods using ascharite are fusion with sodium 
carbonate and sodium hydroxide followed by treatment of the aqueous solution 
with various materials, such as boric acid and magnesium sulphate liquor+*! or 
carbon dioxide.1*2 The ore may also be roasted and then extracted with aqueous 
sodium bicarbonate.'*? Kotoite, Mg3;B20., has been worked up by either acid or 
alkali extraction?*®, and further comment on this and similar ores is available.?% 147 
Naturally occurring borosilicates such as datolite and tourmaline have also been 
used as sources of boron. The ore is calcined and extracted with aqueous alkali 148-51, 
calcined in admixture with limestone, the product being decomposed by simultaneous 
action of soda and carbon dioxide!>*, or finely ground and leached with carbonic 
acid," 


Miscellaneous Methods of Preparation 


Sodium pentaborate may be converted to borax and boric acid by aqueous reac- 
tion with sodium chloride and ammonia.'°? Double decomposition of ammonium 
borate, (NH,)2B,07, and sodium sulphate also produces borax.'°*~> An interesting 
method for all the alkali-metal borates is the ignition of boric acid with an appro- 
priate salt; for borax, sodium chloride is used at 800°-850°C.?°: 15° Potassium penta- 
borate yields borax when treated with sodium bicarbonate, carbonate or 
hydroxide.'®° Removal of borax from nitrate solutions is carried out by precipitation 
with lime and magnesia.*®* Borax may be separated from sodium sulphate by con- 
version into the more soluble metaborate and filtration.1®? Use of strongly alkaline 
anion exchangers as a method of recovery from solution is suggested.?> 1° 


SODIUM TETRABORATE PENTAHYDRATE 


This hydrate, Na,O,2B2,03,5H2O, is a metastable form of borax, but it is an 
important article of commerce as a readily water-soluble salt with a higher boric 
oxide content than the decahydrate. It may be prepared by crystallizing borax 
solutions at temperatures above 60°C, and it is sometimes produced as an inter- 
mediate in working up various borate ores. Details are given by Kemp.? Control 
of the size of pentahydrate crystals has been described in a patent.1®* 


SODIUM TETRABORATE TETRAHYDRATE 


Kernite is the naturally occurring form of this hydrate, NazO,2B203,4H2O, which 
is the stable hydrate above 58-5°C.? It is not normally formed by crystallization 
at such temperatures, the metastable pentahydrate being formed instead. The 
tetrahydrate may be produced, however, by maintaining a concentrated solution of 
borax at 84°-100°C for long periods, and adding kernite seed, when the sparingly 
soluble tetrahydrate eventually separates out.1®° Formation of the tetrahydrate 


Refs. p. 510 


Preparation and Production of Alkali-Metal Borates 507 


has been known in borax process plant operating under favourable conditions for 
its formation; the slow build-up inhibits heat transfer and sometimes causes mechan- 
ical problems. Removal is troublesome owing to its very low rate of solution in 
water. 


SODIUM TETRABORATE DIHYDRATE 
Little is known of this alleged compound Na20,2B.03,2H.O.!~? 


SODIUM TETRABORATE MONOHYDRATE 


Few details are available, but the preparation of a crystalline form of Na,O,- 
2B203,H20 has been described.?-* 1°° An amorphous form is also known and may 
be obtained by heating the decahydrate at 180°C to constant weight.'®’ 


ANHYDROUS SODIUM TETRABORATE 


Dehydration of borax decahydrate by heating is a stepwise process, accompanied 
by intumescence (see below) and not all of the water is eliminated until a tempera- 
ture of at least 300°C is reached.1%* In fact, about 1°% is retained until the material 
is melted. The anhydrous borax, or ‘borax glass’, of commerce is made at the 
rate of several hundred thousand tons per annum by fusion in large furnaces.?° As 
its name implies, the chilled product is glass-like in appearance and is largely amor- 
phous; it can be induced to crystallize, however, by prolonged annealing or by seed- 
ing.” The glass melts at about 741°C and readily supercools. Temperatures in excess 
of 750°C are necessary to produce it and much effort has been expended in fusion 
equipment development, with especial reference to minimizing the attack on fur- 
nace refractories.'®8-’7 Methods have been devised for keeping the borax away 
from the furnace walls.1’? As the product is usually required in granular form, con- 
siderable attention has also been given to ways of facilitating comminution. Rapid 
chilling can produce fine granules.*°*-° Removal of the fused mass from the furnace 
hot-zone immediately upon fusion and before the last traces of water have been 
eliminated (its slow final release producing a porous material) was the subject of 
an early patent.'°? More practically, methods have been developed for chilling the 
melt into readily crushed sheets or thread, desirably avoiding the production of 
excessive amounts of fine particles.17*-” The production of small crystals as opposed 
to vitreous particles has also been described+7®-* 181 and a process developed for 
separating the vitreous and granular forms.1+®? 

Although the anhydrous borax of commerce is the glassy form, attempts have 
been made to produce it by lower-temperature methods (i.e. below fusion point). 
Patents describe stepwise dehydration in a multistage fluidized-bed drier process 
reaching 220°-700°C in the final stage**; and spraying borax solution on a particu- 
late agitated mass of anhydrous material heated at 400°—700°C.?*° 


INDETERMINATE HYDRATES OF SODIUM TETRABORATE 


Many hydrates of indeterminate degree of hydration, but usually containing 
between 0 and 5 mols of water per mol of Na2B,O,7, have been reported. Some, 
including ‘calcined borax’, are commercially available and they are also used as 
feedstock in the production of anhydrous borax by fusion. Such a product contains 
typically 20-22°% of water.1®° Decahydrate borax intumesces when heated and the 
solid product which remains after this initial melting and before fusion into a glassy 
liquid is of this lower hydrate nature. So-called non-vitreous desiccated borax was 
produced from hydrated borax by heating at 360°C with continuous removal of 
expelled water.19° Various methods of preparation by heating with hot gases below 
the melting point of borax were described in early patents ‘°° +9" and a procedure 
has been given for breaking up the cellular structure to give a product of higher 
bulk density.1°? A product of low bulk density is sometimes sought and more 
recently methods have been disclosed for the production of ‘puffed’ or expanded 
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borax by heating the pentahydrate in a rotary oven?®” or fluidized bed.’? Material 
with a bulk density as low as 0:05 gcm~? can be obtained in this way. The high 
surface area of the product facilitates its use as a carrier for the minor ingredients 
of borax-based detergent compositions and similar products.'9°-° Partially hydrated 
sodium borates of other than the exact tetraborate ratio have been prepared by 
agitating mixtures of anhydrous borax and hydrated borax particles at 70°-115°C 
in a suitable tumbler drier.14 The calcination of metallic salts, with particular 
reference to borax, was reviewed by Rakuzin?**, who developed the dehydration 
theme further in his own experimental work.+®*~-7 Cold 95°%% alcohol, which dehy- 
drates sodium sulphate, had no effect on decahydrate borax?**, but refluxing for 
2 hours removed 6 mols of water?®® and ultimately a further mol.1®8”’ Treatment of 
decahydrate borax with cold dry air had no effect, whereas standing over dry sul- 
phuric acid reduced it to the pentahydrate.1®° A product with 24 mols of water of 
crystallization can be obtained by heating a saturated aqueous borax solution con- 
taining borax crystals at 120°-130°C until the desired level of dehydration is achieved.?%* 
A dehydration method based on azeotropic distillation from a suspension of borax 
crystals in an organic solvent has been patented.*** 


Sodium 2:5 Borate 


Known as ‘Auger’s borate’ after its discoverer, 2Na20,5B203,5H2O is formed 
' by treating the stoichiometric quantities of NagO and B2O3 in aqueous solution under 
prescribed conditions. 


Sodium 3:8 Borate 


Little is known of an alleged decahydrate, 3Na20,8B.03,10H2O, often called 
‘Suhr’s borate’. Comment? suggests that it is possibly 2Na20,5B.03,7H2O. 


Sodium 1:3 Borate 


This compound is reported, but only bare details are known.? 


Sodium 1:4 Borate 


Preparation of anhydrous Na20,4B203 by fusing a composition with the ratio 
B.0O3: Na2O between 3-7 and 4-0 or less is described.?9’-® By controlling the cooling 
conditions a mainly crystalline form, as opposed to a vitreous product, is claimed. 
Some hydrated forms have also been reported.” A tetrahydrate marketed widely 
under the trade name ‘Polybor’ is produced by spray drying a solution of the 
appropriate molar composition.?°° 


Sodium Pentaborate (Sodium 1:5 Borate) 
SODIUM PENTABORATE DECAHYDRATE, Na2O,5B203,10H2O 


Prepared by Atterberg’, who found that a solution of 1 mol of sodium hydroxide 
with 5 mols of boric oxide deposited small prismatic crystals of this salt. The salt 
is normally made industrially by dry mixing the constituents and heating. According 
to Nies and Taylor?%? it may be produced by heating a mixture of decahydrate 
borax and boric acid in a, molecular ratio of 1 to 6 in a rotary drier at a tempera- 
ture of 30°-38°C, and progressively increasing the temperature to 66°C, at which 
most of the water has been removed. Various other methods have been proposed 
for the direct production of this substance from boron-containing crude ores by 
their treatment with sulphur dioxide?°° or carbon dioxide?°1, or soluble non- 
alkali-forming metal sulphates.?° 


SODIUM PENTABORATE OCTAHYDRATE, Na20,5B203,8H2O 


This compound has been claimed by Menzel?, but has not been isolated. Several 
other hydrates have also been postulated.? 
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ANHYDROUS SODIUM PENTABORATE 


According to Hackspill, Rollet and Andrés?°*, anhydrous sodium pentaborate 
may be prepared by heating sodium chloride with boric acid at 100°-150°C in a 
current of steam. Small commercial quantities were offered in 1950, but the method 
of manufacture has not been published, and this material is not now available. 


Sodium 1:6 Borate 


Existence of such a compound is claimed, but little is known about it.? 


POTASSIUM BORATES 
Potassium Metaborate, K,.0O,B.0O; or KBO, 


This is not a normal article of commerce. It has been prepared by Berzelius? by 
fusing equimolecular proportions of potassium carbonate and boric oxide or boric 
acid at a white heat, the product being dissolved with difficulty. 


Potassium Tetraborate Tetrahydrate, K.0,2B.0;,4H.O 


This compound has been prepared by May from borax solutions by the addition 
of potassium chloride to crystallize potassium tetraborate isothermally from the 
solution, the interaction apparently being assisted by the presence of ammonia.?° 
It is also obtained by direct aqueous reaction of boric acid and potassium hydroxide 
to give the 8 or 4 hydrate, and from borax and potassium chloride in a cyclic pro- 
cess in which the mother liquor is carbonated.® 2°° It may be obtained by ignition of 
boric acid with potassium nitrate at 500°C, potassium chloride at 800°-850°C or 
potassium sulphate at 1000°C.*° It may also be produced along with borax by the 
action of sodium bicarbonate, carbonate or hydroxide on potassium pentaborate.1® 


Potassium Pentaborate 


The octahydrate, K20,5B203,8H2O, is commercially available and may be pre- 
pared by the carbonation of a solution of borax and potassium chloride, the reaction 
proceeding according to the equation: 


4KCl1+ 5Na2B,07,10H20 + 6CO2 — 
2K2Bi00i68H20 + 6NaHCOsz +4NaCl+ 31 H.O sine 


It may also be made according to Gale?°? by direct crystallization from a mixture 
of potassium chloride, boric acid and a basic sodium borate, the proportions being 
such as will be substantially equivalent to the potassium pentaborate desired. Alter- 
natively, it can be prepared by direct crystallization from a boiling aqueous solu- 
tion of potassium hydroxide saturated with boric acid. An earlier patent had des- 
cribed a process involving potassium chloride, boric acid and ammonia.??4 

Anhydrous potassium pentaborate may be prepared in the same manner as an- 
hydrous sodium pentaborate.?% 

A crystalline compound of composition K,HB;0 9,xH2O has been prepared 
from potassium hydroxide and boric acid.??° 


RUBIDIUM BORATES 


Reischle? prepared anhydrous rubidium tetraborate Rb2B,O, by direct precipi- 
tation from alcohol solutions of rubidium oxide and boric acid. The hexahydrated 
form RbB,O7,6H2O was also prepared by Reissing and Reischle’, by dissolving 
molar quantities of boric acid and rubidium carbonate in boiling water. The penta- 
borate of rubidium has also been prepared by Rosenheim and Leyser.? 


CASIUM BORATES 


Reischle? also produced cesium hexaborate, Cs2O,3B203, from alcoholic solu- 
tions of cesium oxide and boric acid. 
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Boron 


Ignition of boric acid with rubidium or cesium chloride at 300°C gives the 
corresponding borate.?° 
Cesium metaborate Cs20,B203,7H2O0 may be prepared from cesium nitrate. 
Cesium diborate and pentaborate have been reported.* ®” 
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SECTION All 


BORATES OF COPPER AND SILVER 
BY E. E. EMMETT 


This Section covers the borates of the copper-silver-gold group. There is no re- 
port so far of the existence of a borate of gold. 


BORATES OF COPPER 


A copper borate occurs naturally in double-salt form as the mineral bandylite, 
CuO,B203,CuCl2,4H20, which is of interest because of its crystallo-chemical rela- 
tion to teepleite, NazO,B203,2NaCl,4H.2O. The crystal structure of bandylite has 
been the subject of considerable investigation.1~> It is tetragonal and each boron 
atom is surrounded tetrahedrally by 4 hydroxyl groups, no H2O groups occurring 
in the lattice. It is reported to be decomposed by water, yielding a copper borate of 
unspecified composition, which appears as a green insoluble residue. 


Anhydrous Copper Borates 


CuO,B.0;. Anhydrous 1:1 copper borate, CuO,B2O3, is prepared by fusion of 
cupric oxide with excess of boric oxide®*'; the product is stated to be blue when pre- 
pared in this way, the latter reference quoting preparation at 950°C. A green com- 
pound with an unidentifiable X-ray powder pattern has, however, been obtained from 
similar melts at 650°C’; see also ref. °'. Other workers report that a green product 
is obtained at 850°C, whereas it is blue if prepared at 1000°C.® The varying colours 
reported suggest the presence of differing amounts of Cu(I) in the lattice. CuB.O. 
crystallizes in the tetragonal system, with all B atoms tetrahedrally coordinated 
and each Cu atom surrounded in a planar-square coordination by 4 O atoms.®? 
d (calc.)=4-02. The dissociation pressure of CuO,B.O3 at temperatures used in its 
preparation is considerable, e.g., at 860°C the pressure of oxygen in equilibrium with 
the melt is reported to be 237 mm Hg.® 


12(CuO,B,03) — 2(3Cu20,B203) + 302 + 8B203 


Recent work has shown that green 3CuO,B2O3 is formed as a result of a solid-state 
reaction between CuO and CuO,B.O3 at 800°C.5! From earlier information it 
would be expected that the higher the temperature used for the preparative fusion the 
richer the product would be in Cu(I). If this were the case, the latter products would be 
greener than those obtained by low-temperature fusions. Thus it seems that where 
conditions of preparation are not clear, the reported composition and homogeneity 
of the products must be viewed with scepticism. It appears that pure CuO,B2.03 would 
probably best be obtained by fusion under an atmosphere containing the appropriate 
oxygen pressure required to suppress its decomposition. 

In addition to the above-mentioned methods CuO,B.O3 has been prepared by 
heating an intimate equimolar mixture of cupric sulphide and borax.?° In a study 
of the reduction of CuO,B.O3 in a stream of hydrogen at 500—-750°C, it was found 
that the reaction follows the course: 


CuO,B.203 a He —> Cut+ B,03 So H.2O0 
Refs. 518. Literature coverage is up to 1971 


Borates of Copper and Silver 515 


and that hydrogen in excess of the theoretical amount is used. At 500°C only the 
theoretical amount of hydrogen was required for the reduction; however, as the 
temperature was increased there was parallel increase in the extra hydrogen con- 
sumed, reaching a limiting value at 700°C of one g-atom of hydrogen per mole of 
CuO,Bz2Os. It is suggested that this consumption of excess of hydrogen may be due 
to activated adsorption. 

CuO,2B.0;. A 1:2 copper borate, CuO,2B.03, has more recently been prepared by 
pyrolysis of the compound [Cu(NHs3)4]BsO7,6H2O under reduced pressure?!; the 
pyrolysis is not accompanied by volatilization of boric oxide. This confirms earlier 
work by Pasternack reported in Mellor.® 

Physical data for copper borate systems are not readily available. X-ray powder 
diffraction data for an unspecified copper borate have been reported; no prepara- 
tive details or stoichiometry are given, although it is almost certainly an anhydrous 
compound.’? Infra-red absorption studies on several borates, including a copper 
borate formulated as 3CuO,2B.O3, have been used to determine the structure of the 
borate ion in the lattice.’* °! The B—O bond is apparently not localized, as is the B—Cl 
bond in boron trichloride.t? Other workers report absorption in the far infra-red, 
where one absorption band is said to be the same as that found for cupric oxide.+4-15 
In a study of paramagnetic resonance absorption, CuO,B2O3 revealed no absorp- 
tion at room temperature, with magnetic fields of up to 15,000 gauss.1® 

Cu,0,B.O0; and Cu.0,2B,03. A relatively recent phase study of the Cu,O-B.0O; 
system has demonstrated the existence of the compounds CuBO2 and CuB,O,.°? 
This system includes 10-40 mol-°% Cu,O. From 20-40 mol-°% Cu,0O the new com- 
position CuB,O;, exists, in two modifications. It melts congruently at 1060°C. CuB,O, 
crystallizes in tetragonal symmetry, is dark blue and d (expl.) = 3-71. CuBOz forms at 
70 mol-°% CuzO and melts congruently at 1075°C. d=4-64. D.T.A., X-ray and infra- 
red absorption studies were reported. 


Hydrated Copper Borates 


Studies of hydrated copper borate systems have been hampered by the fact that 
double-decomposition preparation methods lead to colloidal or near-colloidal 
precipitates, the compositions of which are difficult to determine unambiguously.+7—1® 
Much of the recent work has been done by Boiko?®-?°, and by KeSans and Khador- 
chenko.?!-? The former obtained a hydrated 3:2:3 copper borate, 3CuO,2B20s3,- 
3H.2O, from solutions of cupric chloride and borax. Similar borates, with 1-5 moles 
of water, were prepared from solutions of cupric sulphate, cupric hydroxide and 
borax. Storage of these compounds for two years, however, resulted in conversion 
into the 2:1:1 compound 2CuO,B.03,H20.19-2° 

In a study of the system Cu(OH)2-H3BO;—H2O, it was found that three meta- 
stable hydrated copper borates can be obtained, the ratios of CuO:B,03:H2O 
being 2:1:15, 3:2:6 and 2:1:17.71 Which of these is formed depends on the tempera- 
ture of the solution, and in each case the product is formed in dispersed condition. 
When dried, these precipitates yield glass-like phases. In contact with the mother 
liquor for periods of up to five years, the metastable hydrates change to a stable 
form of composition 2CuO,B203,3H2O, which when dried forms a powder, sug- 
gesting micro-crystallinity.?+ 

A hydrate with yet another stoichiometry is reported by Svarcs.2? This material, 
formulated as CuO,B.03,2H.2O, was studied to determine the effect of particle size 
on its dehydration. It was found that the dehydration temperature increases with 
both particle size and storage time, the latter effect being more apparent with smaller 
particles. 

The fact that the precipitation of hydrated copper borates results in colloidal 
precipitates of variable composition, which change to a stable form only after some 
considerable time, suggests that the initial step is formation of an adsorption com- 
plex of borate ions or boric acid with precipitated copper hydroxide, which slowly 
changes into the hydrated copper borate. The solutions usually involve alkali—metal 
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borates, and so the pH is relatively high. This sequence is further supported by the 
fact that boric acid can be leached from the ‘ metastable hydrates’ initially formed.?4 

In the determination of the solubility products of borates of copper, the systems 
copper oxalate—boric acid—water, CuOHBO.-boric acid—water and Cu?+t-—HSal-- 
boric acid, have been studied (H2Sal represents salicylic acid).2° The author reports 
the formation of the complex anions [Cu(BOz2)3]~, presumably [Cu(BO2)3H2O]-, 
[Cu(BO2)3HSal]?~ and [Cu(BOz)2Sal]?~ ; dissociation constants for these species 
are given. 

Solubility products obtained are: CuUOHBOz, 5:4x 10718 and CuO,B203 2:90 x 
10~-1°. The former species would perhaps be better considered as 2CuO,B202,H2O, 
with presumably half the solubility product, i.e. 2-7 x 1071. 

Nearly insoluble copper borates are reported to be solubilized by steeping with 
aqueous zirconyl acetate and zirconyl ammonium carbonate at 25°C for 1-2 days.?® 

Copper borate has been successfully used as a catalyst, mixed with alumina, for 
the conversion of acetoxyacenaphthene to acenaphthylene.?” 

In agriculture, copper borates have been found effective in treating d’Anjou pears 
for Cork Spot disease?°, but the main effort in this field has been directed towards 
realizing its potential as ta timber preservative.?* 

A complex copper borotungstate can be obtained by double decomposition of 
barium borotungstate and copper sulphate.?9-°° It forms a series of hydrates of 
general formula CusHg[B(W207)6]2,nH2O, where n= 57, 63, 69, 74 or 77.94 Aqueous 
solutions of these compounds are acidic, indicating that they are acid salts. 

A compound designated copper sulphatoborate with formula Cu[B(SO,)z]e has 
been described.*? It is prepared by interaction of copper sulphate, boric acid and 
sulphur trioxide; it is reported to be very hygroscopic and recrystallizable from 
sulphuric acid. The X-ray diffraction patterns of a series of these compounds sug- 
gest similar structures, and it is suggested that they are ionic with highly polymeric 
anions. 


BORATES OF SILVER 
Anhydrous Silver Borates 


Until recently only one anhydrous silver borate had been definitely established, 
viz. the 1:4 compound, Ag20,4B.03, which was obtained from boric oxide melts 
by the slow addition of solid silver nitrate.** The product appeared (at 570°C) as 
white crystals from a melt of the composition Ag,0,4B.03. The stoichiometry of 
this compound was confirmed by analysis. In both this work and that of Foex, who 
added silver oxide to boric oxide melts at 1200°C, there was found to be a limit to 
the solubility of silver oxide at 61°% Ag,0.%4-5 

Willis and Hennessy, in a thermodynamic study of the system, found a point of 
inflection in the chemical potential curve at a mole fraction of silver oxide of 0:2.°° 
Taking the standard state of silver as a solid silver oxide, they estimate the free 
energy of formation of liquid Agz.0,4B203 at 850°C to be — 17:5 kcal. The method 
used was to contain the melts in silver vessels, and analyze quenched material after 
equilibration at a particular oxygen pressure. On account of the use of silver vessels, 
the activity of the silver oxide in the melt was. directly proportional to p¥2. This 
method clearly gives an unambiguous estimate of the silver oxide content of the melt. 
It should be noted that earlier workers reported yellow glasses to be formed at higher 
silver oxide concentrations, suggesting the presence of free silver?*-°, but by use of 
an ultramicroscope it was established that the lemon-yellow glasses did not contain 
colloidal silver. It is clear that high oxygen pressures would be required to study the 
system at concentrations above 61°% Ag.O. 

In a recent study of the anhydrous system, using a thermal analysis approach, 
Kocher and Sadeghi®’ isolated compounds of composition Ag2O,2B203 and Ag2O,- 
9B203, as well as two crystalline forms of the 1:4 compound Ag20,4B203.°" The 
1:2 silver borate, Ag20,2B203, was obtained by crystallization at 500°C of its amor- 
phous dihydrate. At 688°C this compound melted incongruently to give the B-form 
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of Ag20,4B203, which occurs as large, beige, metastable crystals melting at 740°C. 
The a-form of this compound is reported to be the stable form, melting at 755°C; 
‘it occurs as fine needles, which are obtained only after prolonged annealing of the 
B-form at 600°C. The compound Ag,O,9B2O3 is said to occur as fine, white crystals, 
melting at 683°C. 

X-ray data are given for the two compounds, and it is evident that the data pre- 
sented by a previous study refer to the B-form of Ag,0,4B,O3.°8 In the previous 
work the silver borate was found to be monoclinic. This study was extended to in- 
clude a solid solution of the same phase, wherein 40 at.-°% of the silver atoms were 
substituted by sodium atoms. The resultant phase had cell dimensions only slightly 
different from those of the pure silver borate, indicating a structural relationship 
between Na2O0,4B20; and Ag,0,4B203. The borate anion in the crystal was found 
to consist of two separate, identical, three-dimensional, interlocking networks. The 
units comprising these networks have previously been found in tri- and penta- 
borates. 

Markin measured the electrical conductivity of silver borate glasses containing 
the alkali metal oxides LizgO0, NazgO and K.0%°9-42, and found that there was a 
minimum in the conductivity curve in each system. In the case of sodium and 
potassium, this minimum is said to occur with a silver: alkali-metal ratio of approxi- 
mately 1:4, whereas with lithium it is nearer to 1:2-3. In the same series of experi- 
ments, ion-displacement energies were found to be less than for the corresponding 
binary systems and were interpreted to indicate the formation of mixed borates. 

Hydrogen reduction of Ag,0,2B20; is reported to yield metallic silver quanti- 
tatively.*° 

Products with other reported compositions are obtained by double decomposi- 
tion methods.*® If free alkali is present, the precipitate is said to contain less B2.O3; 
when free boric acid is present, a B2O3-rich precipitate is produced. In the absence 
of physical data for these alleged compounds of variable composition, their actual 
existence must be viewed with reserve. 

Souchay reported a precipitate with a mole ratio of 1:1, viz. Ag,0,B.O03, obtained 
from a solution of boric acid and silver nitrate to which sodium hydroxide solution 
was added. The amount of combined water was apparently not determined.*” The 
compound is said to be reduced by hydrogen to metallic silver thus: 


Age2O,B.03 + He a 2Ag i B.0O3,H2O 


Van Tiggelen ef al., in studies of reduction of silver salts by hydrogen, prepared a 
borate regarded as Age2O,B2O3 from silver nitrate and presumably excess of sodium 
metaborate, Naz2O,B203.*° The precipitate was formed on quartz grains and purified 
by washing out the excess of sodium metaborate. 

A borate used by Khundkar et al., also in connection with hydrogen reduction 
processes, was obtained by the interaction of molar silver nitrate and saturated 
borax solution, and its stoichiometry was allegedly established by chemical analysis 
to be Ag2O,B203.*2 These workers found that the reduction is accompanied by 
adsorption of the hydrogen, apparently on silver atoms at the surface of the solid. 

It is interesting that workers examining the AgzO-B2O3 system, with or without 
water, have not reported any conclusive evidence for a 1:1 compound.®&-* 42 Hence 
the existence of such a compound remains unconfirmed. 

The 1:2 silver borate, Ag2O,2B203, has been used in the study of the mobility 
of borate ions in solution.®°° 


Hydrated Silver Borates 


The ternary system Ag2O-B203—H20O has been recently studied by Sadeghi over 
the range 0-100°C.** Isotherms for the temperatures 0, 18, 30, 56, 78 and 100°C 
indicated the composition and range of existence of the compounds that occurred 
as phases stable at atmospheric pressure. In addition to Ag.O and H3BOs, two solid- 
compound phases were involved in the solution equilibria. These were the 1:2:2 
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and 2:5:5 hydrated silver borates, i.e. Ag2O,2B203,2H2O and 2Ag20,5B203,5H2O. 
The isotherms were obtained by using the solubility method, and the solid phases 
were identified by X-ray diffraction of rapidly dried specimens. Thermogravimetric 
methods were also used to characterize these compounds. 

This is the first reported observation of the formation of 2Ag2,0,5B203,5H.O; it 
was not indicated in the isotherms below 56°C, but in the higher temperature ranges 
it was more pronounced and was found to be stable up to 140°C. The minimum 
temperature of equilibrium stability in solution was apparently not established. 
Dehydration of this new compound followed a similar pattern to that of the analo- 
gous sodium salt, but the X-ray powder diagrams were found to be dissimilar. 

Ag20,2B203,2H20 is an established compound, previously characterized as the 
precipitate obtained when silver nitrate is added to an aqueous solution of boric 
acid and borax, with B203: Na2O ratio exceeding 5:1.*4 It is only slightly soluble in 
water, but the solubility increases when boric acid is present. 
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SECTION Al2 


BORATES OF GROUPS II, III, IV, VII, VIII 
(INCLUDING LANTHANIDES) 


BY G. H. BOWDEN AND R. THOMPSON 


BORATES OF GROUP II 
General Properties 


More is known about the borates of this group than any other except the alkali 
metals. The mineral borates of calcium and magnesium are widely distributed in 
nature and have been extensively studied both as the minerals themselves and as their 
derivatives. The anhydrous borates of Group IIa occur rarely as minerals, but have 
been investigated because of the interest in their effect on glass composition and more 
recently, in activated forms, in their use in phosphorescent materials. 

Beryllium shows quite anomalous behaviour, as may be expected. Only one an- 
hydrous borate is known and no hydrated borates have been synthesized under nor- 
mal conditions of temperature and pressure. Anhydrous magnesium borates have 
rarely been studied in conjunction with calcium, strontium and barium; but the latter 
have been extensively compared. The MO-B.O3 systems! (M=Ca, Sr, Ba) show 
large areas of two-phase immiscibility? which may be homogenized by the incorpora- 
tion of a few per cent of alkali oxide, etc. When this homogenization is accomplished 
it is then possible to compare certain properties of the melts. For instance, viscosities ? 
and surface tensions* of the liquid phases have shown that they decrease in the order 
CaO >SrO> BaO and that the densities, as would be expected, have the inverse re- 
lationship.*° The systems LigO-MO-B.O3 have been investigated, and the properties 
of the glasses as well as the densities, refractive indices, chemical stabilities and ther- 
mal coefficients have been compared.° Physico-chemical properties of a variety of 
anhydrous alkaline-earth borates, such as the heat contents between 25° and 1100°C, 
heats of solution in 2N nitric acid, heats and entropies of fusion, and entropy changes 
over a range of temperatures have been determined.® 

The interactions of various anhydrous alkaline-earth metaborates have been 
characterized by phase studies on a selection of their binary systems.” The infra-red 
spectra of the orthoborates have been compared.® Borates of the type MSn(BO3)2 
have been shown to have dolomite structures.°:1° Details of the formation and 
properties of alkaline-earth sulphato-borates have been recorded.!! The general re- 
action of alkaline-earth borates of the form MO,xB.O3 (where x = 1-5) with triethyl 
or triphenyl boron and boron tribromide, to give triethyl or triphenyl boroxine, has 
been patented.*? Alkaline-earth borates also react with hydrogen at 3-5 atm, with an 
alkali metal and silica to form borohydrides.!° 

Alkaline-earth borate phosphors activated with samarium?*—*5, terbium?®, cerium"‘, 
lead*’, bismuth and manganese?* have been studied. Further reference to this subject 
is made under the particular borate involved or in the specific section on fluorescence. 
Alkaline-earth borophosphates of the general formula 2MO,B203,P.0;, activated 
with bivalent europium have been studied in relation to their luminescence.2° 

The field of hydrated alkaline-earth borates has been extensively studied, by the 
Russians in particular, especially in a mineralogical context. This emphasis arose 
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from the presence of large deposits of low-grade alkaline-earth borates in the 
U.S.S.R. and the difficulty of processing them. As there are no natural barium 
borates and few strontium borates it is significant that little Russian work on this 
subject is evident. Much recent work on these borates, and those of magnesium and 
calcium, at high temperatures and pressures has come from Lehmann in Germany. 
A good review of the Russian work on hydrated alkaline-earth borates is to be found 
in a paper by Kesans.?+ A more recent general review is by Nies and Campbell.2? 

All alkaline-earth borates are soluble to a slight extent, and all hydrolyse with the 
formation of boric acid and/or intermediate polyions. The following reactions have 
been suggested.?° 


(a) Metaborates 
MB.0,,xH2O ap H,.O —> M?* +20H~- + 2H3BO; 


(b) Triborates 

M?2+ + BeO?o 

M?+t +B,0?2- +2H3;BOz; 
M?* +2BO.~ +4HsBO3 
M?2* +20H~- +6H3BO3 


The addition of alkaline-earth salts to boric acid lowers the pH sufficiently to per- 
mit direct titration of the acid.2* Although there seems to be good evidence of 
alkaline-earth borate complexions to explain such a phenomenon, other work does 
not indicate that complex formation is responsible.?? 

Salts of the type K20,M"O0,4B.03,xH2O0 (M"=Ca, Sr, Ba) are formed ??® which 
hydrolyse to give monoborate ions (BO) and free boric acid; the degree of hydrolysis 
is self-compensating owing to the reverse effect of the formation of boric acid.?° 

It is interesting that among the alkali-metal compounds the ‘tetraborates’ 
M$B.,07,xH2O, where M!=alkali metal, are the most stable borates; the same 
generalization does not apply, however, among the alkaline-earth borates and it is 
doubtful whether any compound of the formula M"™B,O,7,xH2O has been charac- 
terized. A recent reference?® quotes the formation of alkaline-earth tetraborates (and 
fluorides) by treating the metal with fluoboric acid and evaporating the solution; 
whether these conditions are suitable for the formation of hitherto unknown tetra- 
borates of the alkaline earths is speculative. The metaborate or 1:1 borate occurs 
generally, probably on account of the tendency of the more complex ions to hydrolyse. 

Borotartrates of the type MUC,H;0;BO2xH2O (M"= Mg, Ca, Sr, Ba) are formed 2” 
and their structure has been elucidated.?°® 

The structure of borates in general has been very thoroughly studied recently and 
apart from the vast quantity of work produced by Christ and Clark et al. and various 
Russian workers, two reviews of the subject are valuable, The Chemistry of Boron and 
its Compounds by Earl L. Muetterties?** and the ‘Crystallo-chemical Classification 
of Borates’ by G. B. Bokii and V. B. Kravchenko.®? Alkaline-earth borates show 
structures of nearly every type known in borate chemistry. 

More specific details of the individual borates are to be found in the following 
pages. 


MB,0i0,xH2O an H,O =e 


BERYLLIUM BORATES 


Unlike other members of Group II and as a characteristic of its anomalous be- 
haviour, beryllium does not readily react to form borates. The synthetic formation of a 
hydrated beryllium borate was not recorded until the BeO-B203—H2O system was 
studied hydrothermally.?° 


Anhydrous Beryllium Borates 


The following anhydrous systems involving beryllium oxide and boric oxide have 
been studied. 
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System Characteristics Ref. 
Be-B-O Gaseous Be(BOz)2. observed 32, 33, 34 
BeO-B.O3 Compound formations 35, 36, 89, 
619 
Li,O-—BeO-B.03 3:1 compound formation 37-9, 5 
Na,O-BeO-B.203 Formation possibly of a disperse phase of 
Na2O,2BeO,B203 40 
K,.O-BeO-B.O;3 X-ray and ultra-violet transmission recorded 41 
Liz0-BeO—-MgO-B.03; mBeO,nB.O; formation 42 
BeO-ZrO.,—-B.03 
BeO-TiO2-B.O3 No glass formation and no compound 
BeO-Ta20;-B203 formation 43 


BeO-WO;-B.03 


Definitive evidence for the formation of the 3:1 borate, 3BeO,B.203, was found in 
the study of the LizO-BeO-B.2O3 system during an investigation into production of 
X-ray transparent glasses. The well-known X-ray tube window glass, Lindemann 
glass, is a lithium beryllium borate glass. Crystallization of the 3:1 borate is found to 
occur if the Li,O content is less than the BeO content of the system.®” The authors 
originally quoted the solid phase as being 2BeO,B.03. However, on re-studying the 
system at 800°C the compound was better characterized and found to be 3BeO,B203.°° 
More recently a study of the BeO—-B2O3 system (Fig. 1) confirmed the existence of 
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Fic. 1.—BeO-B.O3 phase diagram °° 


3BeO,B203.°° Evidence for another unidentified crystalline phase has been given.®° 
In the BeO-LizO-MgO-B,O3 system it was found that the presence of beryllia helps 
to increase the area of glass formation, but when there was a high boric oxide content 
and less than 15°% Li,O, crystals of the general formula mBeO,nB.O; resulted.*? 
Sodium and potassium analogues of Lindemann glass were found to be much less 
stable to moisture and carbon dioxide than the lithium glass. This, together with 
their higher absorption of X-rays, make them less useful than Lindemann glass.*° 4! 
Some most interesting work has been carried out into the thermodynamics of the 
Be—B-—O system at temperatures in the region of 1400 K. The vapour pressures over 
the system were measured isothermally and provided thermodynamic values for the 
vapour species and condensed phases.*2-? Gaseous Be(BOz)2 was identified mass 
spectrographically in the vapour above the system.**’**+ A study of the system by 
differential thermal analysis and Knudsen effusion, using a vacuum balance and mass 
spectrometer, showed that 3BeO,B203 was the only condensed mixed-oxide phase.** 
The melting point of the latter was 1495+5 K. The metal—anion bond strengths in 
gaseous Be(BOz2)2 show the same relation to each other as the bond strengths in the 
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corresponding chlorides, giving evidence for the pseudo-halide character of gaseous 
metaborates.°* 

Beryllium borate phosphors are reported of the composition xBeO,yB2O3, where 
x=1, 2,3 or 8 and y=1, 2, 3, 4 or 5.1*’4°'4” Luminescent properties of the BeO-B,O; 
system were studied, using single crystals.°t° The orthoborate does not display lumi- 
nescent emission when pure, but it is activated by Mn, Sm and Eu. 


Hydrated Beryllium Borates 


When beryllium salts are added to borate solution a white precipitate is formed 
which has been shown to be beryllium hydroxide, not a borate as one author sug- 
gested.°° Two hydrated beryllium borate minerals are known. These are hambergite 
(4BeO,B.03,H.2O) and berborite (4BeO,B203,2H2O).*+ Under hydrothermal con- 
ditions, the former is formed synthetically. The trihydrate is also a solid phase of the 
BeO-B.O;—H20O system, as well as 2BeO,B2.03,3H2O, BeO,B203,H2O and BeO,- 
2B20s3, | -2H.O.?° 


MAGNESIUM BORATES 


Magnesium forms a wide range of both anhydrous and hydrated borates, including 
the double borates with calcium which occur in nature. 


Anhydrous Magnesium Borates 


The MgO-B.O3 system has been studied fully or in part by several workers.” #® 49: 
50,51,254 Only three of the five established anhydrous borates are found in equi- 
librium according to the accepted phase diagram (Fig. 2); these are MgO,B.Os, 
2Mg0,B203 and 3MgO,B203. Of the other two the 1:2 compound, MgO,2B.O3 is 
well established®!~* and is found in the LizO-MgO-B.O3 system*?; it has also been 
shown to be present in the MgO-B.O3 system but is decomposed into 2MgO,B20; 
and liquid at 1003 + 10°C.2°* The 1:3 compound is not a stable phase in the MgO-B.0, 
system and seems to have been a somewhat transient existence. The 2:3, 3:2, 3:4, 5:4, 
7:4 compounds are mentioned in Mellor, V, 95-100, but have not been substantiated in 
recent years. Vaporization of B,O3 occurs at above 1000°C.?°* Gaseous magnesium 
metaborate is known.®?2 
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Fic. 2.—Phase diagram for the system MgO-B2O3.*° (Solid phases are represented by 
numerals indicating their MgO: B.Oz ratios) 
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Other anhydrous ternary and quaternary systems including magnesium and boric 
oxides have been investigated and are listed below. Many other systems containing 
these oxides have also been studied with reference to glass formation. 


LiO—-MgO-B,.O3 (ref. 5, 54, 55) 
NazO-—MgO-B.O3 (ref. 55) 
Naz2O,B203;-MgO,B20s3 (ref. 56) 
K,0—MgO-B203 (ref. 55) 
K,0,B,03;—-Mg0O,B.03 (ref. 56) 
BaO—MgO-B.Os3 (ref. 57) 
BaO,B.03;—-MgO,B.O3 (ref. 7) 
CaO,B20;-Mg0,B.03 (ref. 7) 
CdO,B,.0;-MgO,B.03 (ref. 7) 
SrO,B,.0;,—-Mg0O,B.03 (ref. 7) 
LizO-—BeO-MgO-B.O3 (ref. 42) 
Al,O03—Si02-MgO-B20Osz3 (ref. 58) 


A study of the formation of two liquid phases at temperatures above the liquidus 
when magnesium oxide is added to boric oxide has been described, together with de- 
tails of surface tension measurements.?’®?° Viscosities and electrical conducitivities 
within the molten system MgO-B.O3 have been measured.®”° In conjunction with some 
general work on the synthesis of magnesium spinels the action of fusing magnesite with 
boric oxide has been studied.®° The effect of boric oxide additions to polycrystalline 
magnesium oxide on its electrical conductivity has been investigated®*, as well as its 
effects on firing shrinkage, porosity, bulk density and strength at high temperatures.®23-4 


MgO,B.0;. This compound is formed exothermically when magnesium oxide and 
boric oxide are heated together in the correct ratio at 580°C.5° It is also found 
as a stable phase in the MgO-B.O3 system?>*8-°° and in the Lig,O-MgO-B.O; 
system.°* It is formed together with the 3:1 compound when an excess of boric oxide 
is reduced with magnesium to produce boron.®° The formation of the 1:1 com- 
pound was also detected when magnesite blocks were being sintered together with 
boric acid at high temperatures.®* It is the final dehydration product of heating mag- 
nesium triborate.°©° 

MgO,B.O3 has an incongruent melting point of 988°C 5° ® and a density of 2:48— 
2:49 gcm~°.°° X-Ray diffraction, microscopical and thermogravimetric examina- 
tions® were made of the 1:1 and 1:3 compounds; other X-ray and optical data are 
quoted for the three important solid phases of the MgO-B.O3 system.® 

There is an exothermic reaction when 1-36°% of magnesium oxide is fused with 
boric oxide at 780°C, which is stated to be due to a reaction to form the 1:3 com- 
pound.® It is also stated that the latter compound breaks down at 1020°C to give the 
1:1 borate and boric oxide again.® If the 1: 1 compound is heated alone it decomposes 
into the 2:1 compound and boric oxide, which do not recombine on cooling.®® When 
the 1:1 compound reacts with water under a pressure of 12 atmospheres, ascharite 
(2Mg0O,B203,H20) is formed.®°9 

MgO,B203 reacts with the corresponding strontium, cadmium and barium 
borates’; the resulting compounds could not be identified, but their melting relation- 
ships are summarized below. 


2Mg0O,B203;+SrO,B203; Two compounds melting incongruently 
at 988° and 960°C. 
MgO,B20;+ CdO,B203 One compound melting incongruently 


at 920°C. 
2Mg0O,B20;+ CdO,B203 One compound melting incongruently 
at 910°C. 
MgO,B.03;+ BaO,B203; One compound melting incongruently 
at 1010°C. 
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The same reference gives further information on eutectic temperatures and polymor- 
phic transformations. Eutectic formation has also been studied in the systems Na2O,- 
B,.O;—-Mg0O,B203 and K,0,B,0;-Mg0O,B203.°° 

The resistance to hydrolysis of 1:1, 2:1 and 3:1 compounds has been studied**, the 
first being the least resistant and the last the most resistant. 

The structure of the 1:1 compound is not proved, but it seems likely that it is better 
to represent it as (Mg(BOz)2), than in the monomeric form. It may have a chain 
structure similar to that of the analogous calcium compound.*® §% 

Mg(BOz)z has been identified in vapour form above melts of magnesium oxide and 
boric oxide.** 


MgO,2B,.0;3. This compound has been synthesized during a study of the Li,O- 
MgO-B,O3 system in which it was identified as a solid phase and characterized by 
X-rays.°! More recently the compound has been obtained from the MgO-B,.0;—H20 
system at 400°C.° It melts incongruently at 995°C.°° 

Patents quote the use of the 1: 2 compounds asa reactant for the production of alkali- 
metal borohydrides?* and tri-organo boroxines./? Borohydrides are obtained when 
the borate is treated with the appropriate alkali-metal and hydrogen at 250-310°C; the 
boroxines are formed by treatment with boron-organic compounds of general formula 
R3B (R=alkyl, alkyl aryl, aryl) at 300 lb in-?, in an inert gas. It is probable that the 
borates used were not true compounds but mixtures approximating to the com- 
position indicated. 

Single-crystal X-ray diffraction work recently performed using the 1:2 borate 
indicates its structure to be a three-dimensional B—O framework of borate groups.®* 


MgO,3B.0;. The existence of the 1:3 compound appears to be somewhat transient. 
It is reported to be formed by the reaction of the 1:1 compound with boric oxide at 
temperatures above 1020°C.®° Its structure is reported to consist of a three-dimen- 
sional lattice including single B—O rings.®* °° 


2MgO,B.0;. This compound is found naturally in North Korea as the mineral 
suanite; after the.3:1 borate it is the best characterized anhydrous magnesium borate 
found in the studies made of the MgO-B.O, °® §?°°°, Li,O-MgO-B.2O3 °”’°* and 
Li,.O-MgO-BeO-B.03 systems.*? 

The X-ray data on both the synthetic compound and suanite agree ®®’”°; the details 
have been used, together with other data’!~?>?1°, to prove that it is structurally 
analogous to the corresponding manganese, iron and cobalt compounds.”! The 
structure contains B.04~ groups of the configuration illustrated in Fig. 3; each mag- 
nesium ion is surrounded by six oxygen atoms at the apices of a distorted octahedron, 
the successive octahedra being linked by the B,02~ groups into extended sheets.°* 7? 
The infra-red adsorption spectra of the crystalline 2:1 compound has been deter- 
mined and is given in the range 4000-400 cm~?.7° As the acid-base characteristics of 


Fic. 3.—The B20; group in Mg2B2Os;.°° (Large open circles represent oxygen and small 
black circles boron atoms. The heights of the atoms from the plane of the diagram (in A) 
are shown) 
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hydrothermal solutions are of importance in explaining mineral formation, the 
ionization potential of suanite was calculated and found to be 199-3 kcal mole™?.74 The 
compound is reported to be paramagnetic.’° 

Boric acid and magnesium carbonate react together to form this compound at re- 
markably low temperatures (350—850°C); the reaction is accelerated by the addition 
of small quantities of sodium nitrate. 

Some workers have stated that the 2:1 borate melts congruently at 1340°C®% ®° and 
does not combine with boric oxide to form any other borate; conversely, however, the 
1:1 compound disproportionates at about 800°C to give the 2:1 compound and boric 
oxide.®°? In a more recent study it was found to melt incongruently at 1312°C.®?5 

The incorporation of the 2:1 and 3:1 compounds in graphite by hot pressing of a 
mixture of graphite, magnesium oxide and boric oxide, and annealing at 850°C pro- 
duces a dimensionally stable boron-containing graphite which has an expansion of 
less than 0:2%% over a range of 800°C.’® Another high-temperature property is its 
reaction with excess boron in vacuo at 880—1800°C to produce, when condensed, the 
polymeric (BO),,.7” 


3Mg0O,B.03. The best defined of all anhydrous magnesium borates is found in 
nature as kotoite (cotoite) and has been isolated from the same systems as the 2:1 and 
1:1 borates. It is formed as orthorhombic, needle-like crystals, directly from the 
oxides in the right ratio by heating them in a zirconia crucible.”® A study of the 
growth of the 3:1 crystals was made by adding about 4% of boric oxide to magnesium 
oxide at 1200—-1500°C”°; its resistance to hydration was confirmed by the same 
workers (cf.°’°*). The volatility of the 3:1 borate has been studied.5?” With traces of 
germanium and manganese added during its synthesis it becomes a phosphor.°?2 

The incidental formation of this borate, with the 1:1 borate, during the sintering 
of magnesite blocks containing added boric oxide*®, and with the 2:1 borate in the 
periclase (magnesium oxide) linings of glass furnaces®° has been recorded. In the 
latter case a mechanism for its synthesis is proposed. 

Both the 3:1 and 1:1 borates are formed during the production of elemental boron 
from boric oxide and magnesium, when boric oxide is in excess.®° 

The 3:1 borate (or orthoborate) has a congruent melting-point of 1366°C®° ©, the 
highest among values for the well characterized anhydrous magnesium borates; other 
workers report congruent melting at 1410°C.°?° Its structure has been investigated by 
means of X-ray®®’”®8! and infra-red techniques® 74°; the compound is isomorphous 
with the analogous cobalt borate (3CoO,B2O3).’® ®* The infra-red spectra suggest a 
dimeric arrangement of the anions, but the X-ray work definitely indicates the existence 
of monomeric BOs triangle in a lattice in which the metal ions are six co-ordinate.”® 

One interesting chemical reaction is quoted®? for the 3:1 compound with magnesium 
fluoride: 


3MgO,B.03+ 3MgF. ——> 6MgO + 2BF>. 


The magnesium oxide so produced is reported to be extremely inert to hydration by 
water. Certain intermediate addition compounds are also reported apparently re- 
lated to the 3:1 borates, these being 3MgO,B.03,MgF.; 3MgO,B.03,3MgF2and 
3[3MgO,B203],MgFo.**° The crystal structure of B-Mg.2BO3F has been determined.®2® 


Magnesium Double Borates 


Magnesium Lithium Borates. Lithium borate (LiBO.) reacts with magnesium oxide 
to give two compounds ®*, Liz0,MgO,B203 and Liz0,2MgO,B.O3. The former de- 
composes if the melt is slowly cooled, 


2(Liz0,MgO,B203) — Lig0,2MgO,B.203 + Liz0,B2Os, 


but if the melt is quenched it does not disproportionate in this way but retains the 
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formula LizgO,MgO,B.O3. The structures proposed by the authors of this work and 
by others ®? are: 


OT 
MgLi| O—B 
O 
O Ons, 
NF yA 
MegLie B—O—B 
=< 
O O 


Magnesium Titanium Borates. Two anhydrous salts are mentioned in the literature: 
2MgO,Ti2O3,B203 (formed by electrolysis at 850—900°C) ®°, and 3MgO,TiO2,B.0; 
(or MgsTi[B20,6]Oz2); the latter makes an isostructural pair with Ca,[Siz07](F,OH). 
and has enabled some light to be shed on the structure of some calcium cement com- 
pounds.®® 3MgO,TiO2,B.O; is one end-member of the warwickite series of minerals 
3(Mg,Fe)O,TiO2B.03, with Mg> Fe. Aulsite occurs naturally®*° and has been synthe- 
sized. °32 


Magnesium Tin Borates. The compound MgO,SnO2,B203 may be produced by 
heating a mixture of magnesium oxide, stannic oxide and boric acid (or borax) in an 
autoclave.®’ This compound is an analogue of CaO,SnO2,B203, which has also been 
synthesized in a similar manner and is known in nature as nordenskidldine. These 
compounds and others of the general formula MO,SnO2,B203 have a dolomite 
structure.?° 


Magnesium Iron Boratés. The magnesium end-member of the ludwigite series of 
minerals is 4MgO,2Fe:03,B203, for which conditions of formation have been in- 
vestigated.*? 8® The pH of hydrothermal solutions has been shown to be very im- 
portant in the formation of ludwigite and associated minerals.’* Infra-red studies of 
ludwigite and the iron end-member vonsenite have been carried out in an attempt to 
derive their constitutions.°° 

In a thermomagnetic study of a number of ‘boroferrites’ the compound 2Mg0O,- 
Fe.03,B203 was produced. The magnetic susceptibilities of the compounds were 
studied over the range 0-1100°C; decomposition occurred above 1100°C.° The re- 
search was repeated more recently.°®?° 


Magnesium Thorium Borates. The high magnesia corner of the MgO-ThO.—B2QOs3 sys- 
tem was studied at 1200°C, but no ternary phase was found and no solid solutions were 
detected:3* 


Unsynthesized minerals 


The following anhydrous double magnesium borates are reported to exist but few 
have been synthesized: 


Al,03,2MgO,B.2Oz3 (sinhalite) (ref. 631) 
6CaO,5MgO,MnO,6B.03 (kurchatovite) 

9MgO,10(Al, Fe,B)203,4SiO2 (sapphirine) 

(Mg, Fe?* ,Fe?* Al)4o(Si,B)i1gOge6 (very variable) (kornerupine) 
(Ca,Mg)sAl5BSi3O20 Or CazMg.AlgBeSigOog (serendibite) 
[(Fe2* ,Mg,Fe** ,Sn)3B30.] (hulsite) (refs. 630, 632) 


Hydrated Magnesium Borates 
Nickolaev and Chelishcheva first studied the MgO-B203;—H20 system in 1940.9 119 
They found that the system took considerable time to reach equilibrium, periods of 
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weeks and even months were not uncommon for stable equilibrium conditions to be 
obtained. In 1957, details of studies made at 25, 35 and 83°C were published by d’Ans 
and Behrendt.°° At the same time they also studied the MgO-MgCl,-B.0;-H2O 
system and found that the addition of magnesium chloride to the other constituents 
modified the types of solid phase appreciably. Russian workers subsequently studied 
the formation of magnesium diborate in solutions of sodium, potassium and magnesium 
chlorides.°*° Rza Zade et al. confirmed Nikolaev’s original work on the system?15 
(see Figs. 4 and 5) and also investigated the above-mentioned quaternary system at 
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Fic. 4.—Isotherms for the system MgO-B,0;-H.20 at 25°C; points obtained by Rza Zade 


et al.**° are shown as @, those of Nikolaev and Kurnakova as A, and those of d’Ans and 
Behrendt®> as x 
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Fic. 5.—Crystallization diagram of the system MgO-B20;-H20 at 25°C and its relationship 
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2512" and 70°C.°* Grigor’ev, in conjunction with Nikolaev and Nekrasov®* 9” worked 
on the simple system at very high temperatures; at 400°C an anhydrous 1:2 borate was 
produced. Kesans dealt with Russian work on the hydrated magnesium borates in a 
general review on the formation of hydrated borates.?1 Nies and Campbell?? have more 
recently reviewed the field. 

Small percentages of boric oxide can be extracted from solution by means of mag- 
nesium oxide and magnesium oxychloride cements as absorbents®*-°, giving a 
method for the recovery of boron at high dilutions; almost certainly magnesium 
borates are formed. 

A refractometric investigation has been carried out of the effect of addition of 
magnesium salts to compounds containing boron.?°° Another investigation indicated 
that all the known significant hydrated borates in the system Na,O—-CaO-MgO- 
B20;-H20 could be represented by three ternary diagrams.'°1 The more complex 
system Na2O-K,0—-MgO-CaO-B,0;-H2O has also been studied physico-chemi- 
cally.°°° 

If the pH of a borax solution is held at 9 whilst magnesium chloride is added at a 
rate such that the temperature is not raised by more than a few degrees, a solution is 
formed at 27—30°C which will precipitate magnesium metaborate on heating or re- 
ducing the pH.'°? 

The following systems are of interest in relation to the techniques of production of 
boric acid from magnesium-containing ores: 


MgsSO.—H3BO3-H20 at 25°, 55°, 65° (ref. 103) 
MgsSO.,-—H3BO3;—H2O at 10—90° (ref. 104, 105) 
MgSO.—H3BO3-H20 at 50° (ref. 106) 
Naz2SO.—MgSO,.—H3BO3;—H2O at 15° (ref. 107) 
Na2SO.—MgSO.,—H3BO3-H.20 at 60° (ref. 108) 


MgO,B.0;,3H20. This compound occurs naturally as pinnoite, found originally in 
the Stassfurt salt deposits. Until recently it was the only 1:1 borate ofa Group-II 
metal found in nature, and it was supposed that owing to the low basicity of mag- 
nesium oxide it was capable of being formed at a lower pH than the other correspond- 
ing alkaline-earth borates, which need at least pH 11 for their formation.?+ 

The original van’t Hoff synthesis of this borate was confirmed ?°° 2! by dissolving 
0:26 mole of borax in 450 ml of warm water, adding 0-32 mole of magnesium 
chloride hexahydrate in 50 ml of water, and seeding the amorphous precipitate thus 
formed with natural pinnoite. After 7-8 days at 100°C in a closed vessel, crystals of 
pinnoite formed. The compound has since been isolated from the system MgO- 
B,0;—H20O at 83°C% but was not found at 25 and 35°C; it was produced within a 
few minutes by boiling the 1: 2: 9 compound with boric acid solution. High surface area 
precipitates were formed when sodium or potassium diborates were reacted with 
magnesium chloride solution.®* 

This compound is also formed if the temperature is above 10°C when magnesium 
sulphate and potassium 1:2 borate are reacted together in water in a 1:5 molar ratio. 
At temperatures below 10°C, K20,MgO,3B203,15H2O is formed.??° 

The structure of pinnoite and the synthetic equivalent may be represented by the 
formula 

HO OH HO OH 
ewes Bere 
B B 
Mg ics $o™r 
HO J ere OH 
Shad 
O 


i.e. the borate ion contains a dimer of B(O,OH). tetrahedra. This structure was sug- 
gested by certain crystal-structure studies?*? and has recently been modified by a 
study of the infra-red spectrum of the isotopically labelled compound, which shows 
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that there is only a very small coupling effect between the vibrations of the two tetra- 
hedra.**? In a 0-5 molar boric acid solution complex formation is considered likely, 
according to cryoscopic and conductimetric measurements.?1 

A study of the solubility of pinnoite in comparison with hydroboracite, inyoite and 
preobrazhenskite shows that at 25°C 0-65°% of B.Oz is found in a saturated solution, 
and that it increases to 1:05°% of B,O3 at 100°C. The rate of dissolution increases 
nearly six-fold between 25 and 95°C.1'* These data do not agree with other values, 
e.g. 0:19°4 MgO,B.O3 at room temperature.?° 

The compound is unstable to water. It breaks down into amorphous material, 
which on being heated at 150°C in a sealed tube with sodium chloride and boric acid 
transforms itself into ascharite (2:1:1 borate).1°% 114 It is claimed to be metastable in 
the MgO-B.03;—H2O system and exists in conjunction with the stable phases into 
which it will transform, given sufficient time and favourable conditions.1!> Solubility 
within the system at 150°C has been studied.°*° 

It is highly soluble in ammonium chloride; the solution deposits crystals contain- 
ing magnesium, ammonium, chloride and borate ions.+?% 


MgO,B.0;,4H2O and MgO,B.0;,8H20. Neither of these compounds has had its 
composition confirmed recently. The octahydrate seems to have been fairly well sub- 
Sstantiated by four investigations (Mellor, V, 98); but the evidence for the tetra- 
hydrate is somewhat flimsy. 


MgO,2B.0;,23H2O. This compound is known only as the mineral halurgite 
(galurgite). 


MgO,2B.0;,4H2O. A recent reference quotes this compound as having the struc- 
tural formula Mg[Bz0,(OH).],H2O and as being a metastable phase in the MgO- 
B.O03;—H2O system.1?® 


MgO,2B.0;,9H20,84H2O. A mineral corresponding to MgO,2B.03,9H2O has 
recently been discovered in China and is called hungchaoite. It corresponds?!’ in 
chemical composition and physical properties to the compound of the same formula 
shown to be a stable phase of the MgO—B203—H20 system at 25°C.!19.Other workers 
have doubted the veracity of the formula MgO,2B.03,9H2O and maintain it to be 
MgO,2B.03,83H20.°° It is perhaps significant that the latter hydrate is reported to 
decompose after 10-15 days®° and that the original work??° carried out on the sys- 
tem, reporting the 1:2:9 compound, took many months to complete owing to the 
slowness in reaching equilibrium. 

The 1:2:9 compound is also reported to be formed by the following reaction at 
100°C **5; 


4H;3BO;, a Mg a 4H.O = Mg0O,2B.03,9H2O ae Ho. 


The compound is isomorphous with the corresponding manganese compound 
(MnO,2B.03,9H2O)?°9 and in its habit resembles borax. Two workers 11° 11° describe 
the crystals as being hexagonal, but recent work on the mineral indicates that it is 
composed of monoclinic twin crystals.12°??! In the latter reference the cell para- 
meters and space-group of the compound are also reported. Further details of the 
crystal structure®®!°?° and the infra-red spectrum of this compound®®2 have been 
deduced. 

Pinnoite is formed from this compound by boiling with boric acid solution.2! 
There seems to be good evidence for the 1:2:9 compound, both as a mineral and as a 
synthetic compound, but it needs further work to determine its relationship to the 
84-hydrate. 


Mg0O,3B.0;,5H20O. This compound is prepared by heating a 1:6 molar ratio of 
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magnesium oxide and boric acid together in a closed vessel for 1-2 weeks at 100°C.122 
It may also be prepared by heating the 1:3:74 compound in a magnesium chloride 
solution (saturated at 60°C) under the same conditions.'?? It is found in the MgO- 
MgCl.—B20;—H20 system, but hydration of the product varies with the concentra- 
tions of the constituents.!2° This compound has been shown to be identical with the 
recently discovered mineral aksaite+**, but the original report on its chemical analysis 
indicated a different formula.'?° 

X-Ray data’??)12* show that it may have a similar structure to pinnoite, 12? 
whereas other evidence +?*~* was quoted to place aksaite in the same structural order 
as tunnelite (SrO,3B203,4H2O).°* There is also a more recent study of the crystal 
structure of the compound.*?° 

The crystals have a density of 1:88 g/cm® at 20°C. 

It is stable under usual atmospheric conditions, not being readily attacked by 
water or carbon dioxide./?? It is also stable up to a temperature of 230°C, at which it 
starts to lose its water, indicating that this is firmly bound and presumably all present 
as water of constitution.’ When heated to 500°C the material becomes amorphous, 
and at temperatures above 700°C melts, forming the 1:1 compound and boric 
oxide.+?2 


MgO,3B.0;3,6H2O. A study of the MgO—-MgCl.—B.O03;—H20 system suggested that 
the 1:3 borate hydrates 5, 6, 7 and 74 can be formed, depending on the concentrations 
of the reactants.1?° Three hitherto unknown borates, the 1:4:9, 2:3:3, and 1:3:6, 
were formed by crystallization from a solution of the 1:1 magnesium borate in boric 
acid solution. The formation and identity of these compounds was studied by con- 
ductivity and cryoscopic measurements, together with quantitative analysis of the 
solid phases./2° It is a possibility that the 1:3:6 compounds and the following one 
have only a transient existence. 


MgO,3B.0;,7H20. This compound is reported to be formed in the MgO-MgCl.— 
B,03-H20O system.?? 


MgO,3B,03,74H.2O. In contrast to the hexa- and hepta-hydrates of the 1:3 mag- 
nesium borates, this compound is well substantiated and is formed as one of the three 
stable phases in the MgO-B.O3;—H20 system ?+?° at 25, 35 and 83°C.°° It took 43 days 
at 25°C to obtain the crystalline material, but only about half that time if boric acid 
was in excess.1°° Alternatively it may be formed using the following method: 4 g of 
borax and 2:3 g of boric acid are dissolved in 35 ml of water, and the solution is 
mixed with 2:5 g of MgSO.,7H2O dissolved in 15 ml of water. The solution remains 
clear for a time but starts to crystallize after 1-2 days.?+ 

This hydrate is also to be found as a solid phase in the MgO—-MgCl.—-B203;—H20 
system 12’; it is formed at a pH of 5:2-7:2.11° However, if the concentration of mag- 
nesium chloride is greater than 25°% the 1:3:74 compound becomes unstable and 
transforms into the 1:3:5 compound at 100°C after 1-2 weeks.°° 

In 1965 a mineral whose formula corresponded to a 1:3:74 borate was reported 
from two different sources and named trigonomagneborite 17° and macallisterite.°°® 

X-Ray powder-diffraction patterns are given for the synthetic compound??? and 
for the mineral.?2° Differential thermal analysis was used by one worker to identify 
macallisterite°>°, and the thermal dehydration curve was studied by other investi- 
gators??? to prove the difference between the 1:3:5 and 1:3:74 borates. MgO.3B203.- 
7:5H2O dehydrates with the formation of an intermediate hydrate with 1:5 molecules of 
water.°®2 Dehydration rates have been measured.®?” A study of the infra-red spectra 
of the magnesium and alkaline-earth 1:3 borate hydrates showed that it is necessary 
to differentiate between reversible ‘hydrate states’ and irreversible ‘constitution 
hydrates’ before using the infra-red data in the usual manner to define molecular 
structure. The compound dehydrates in two stages®° with the loss of 34 molecules of 
water initially, indicating that there are 3 molecules of water of constitution. From this 
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evidence and X-ray data it was concluded that the formula should be represented as 
Meg(B303(OH)a4)2,3°5H2O, the anion being represented by the formula 


HO OH 3 
Nain 
B 
Ths: 
O O 
Bb oOB 
OPED JI 
HO O OH 


More recently however, a double-ring structure has been proposed, empirically 
written as Mg.(BgO7(OH).)2,9H2O and having a structure of the kind indicated 
below °°: 


2- 


HO #\OH?S HOMeOH 
a5 Re 
B B 
rigs ya 
O O O O 
BoP Dongil a apt 
PN ee ee 
HO O O O OH 


The ring linkage is arbitrarily shown. Other workers have proposed the structural 
formula Mg[BgO9(OH)2].6:-5H20.°°° Six molecules of water were lost at 140-200° and 
the remaining 1-5H2O at 200-450°C. Anhydrous MgB2Q, was the final dehydration 
product. 

The mobility of the magnesium and alkaline-earth triborate ions in 3°%% boric acid 
was 10:25 mho/cm? and 34 mho/cm? in water, indicating that hydrolysis occurs 
probably to the following scheme.?° 


MgB,s0105 Mg? +4 BsO?> 
Mg? to BeO?75 +h 3H,0s Mg? F4 B,O7 oan 2H2BO3 
Mg?* + B,O47 + 2H3BO3 + 3H20SMg?* + 2BOz; +4H;BO; 
Mg?* +2BOz +4H3BO3 + 3H205 Mg?* +6H3BO3 


MgO,4B.0;3,xH20. This compound with x=4 is known as the mineral paternoite 
and has not yet been synthesized. The 1:4:9 compound, however, is not found in 
nature and is formed by reacting the 1:1 borate with boric acid solution.12° Rhombic 
MgBe0.(OH.BO3)2,7H20 has been studied crystallographically.°?!: °° The water, 
n=3-9 molecules, is held in a zeolite-type structure. 


Mg0O,5B20;,4H20,6H.CON(CH3)2. This interesting compound, with dimethyl- 
formamide incorporated into its structure, is formed with evolution of hydrogen by 
dissolving magnesium in a solution of boric acid in dimethylformamide. The product 
apparently corresponds to Mg(B;0,¢(OH)a.)2,6H.CON(CHs)2.1°° 


2MgO,B.0;,H20. This compound is very well known as the widely-spread mineral 
ascharite (or szaibelyite, which is probably a mixture of ascharite and kotoite).°°° It is 
also found with magnesium progressively substituted by manganese, thus defining the 
sussexite series of minerals. 

It is not found as a stable phase of the MgO-B20;—H.O system at low tempera- 
tures. It has, however, been found as a solid phase in the system at 400°C.5° The 
addition of magnesium chloride modifies the solid phases considerably, and if its 
concentration is greater than 25°%% the 2:1:1 compound is formed at 83°C.9® The 
hydrothermal treatment of the 1:3:5 compound at a pressure of 12 atmospheres 
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produces a hydrated 2:1 borate which is possibly ascharite.t2? Pinnoite and kali- 
borite**? hydrolyse with water to give an amorphous material which on heating 
with sodium chloride and boric acid at 150°C in a sealed tube gives crystalline 2MgO,- 
B2O03,H20.?**** Hydroboracite also reacts very slowly to give ascharite.!°? Recently 
the conditions for formation of ascharite**’* and the endogenetic magnesium iron 
borates have been postulated.*° 

Ascharite is the most dense (p 2:62) of the simple magnesium borate ores; it is also 
the least water-soluble of all calcium and magnesium borates.'°* An equilibrium 
solution at 25°C contains only 0-139% of B2Oz3 and its linear rate of dissolution is less 
than one hundredth of that of colemanite.11? Elsewhere the solubility of ascharite is 
quoted at 25°C as 0-0085°%% B.O3 equivalent.?*+ 

Much interest in ascharite has been shown in recent years and many studies relating 
to its crystal structure and its optical properties have been made.!*5-° It has ortho- 
rhombic symmetry which is so characteristic that extremely small quantities have 
been identified by means of the electron microscope.'*’ X-Ray studies have been 
made of ascharite and the derived sussexite minerals?*’~°, and infra-red spectra have 
also been used in determining the structure of the anion.+®° 14° The evidence to date 
indicates the possibility of the structure Mg2(B20,O0H)OH.®? Thermal analytical 
work on ascharite, in conjunction with other borates, has been performed.'*+ Synthetic 
2Mg0O,B203,H2O was found to dehydrate to 2MgO,B.2O3 at 365°C.°®? 

The solubility of ascharite in water as well as in saturated solutions of calcium sul- 
phate and sodium chloride has been studied at 25°C *°, and the inhibiting effect of the 
presence of liquors containing magnesium sulphate and boric acid on the decom- 
position of ascharite by sulphuric acid is described.1*? It is interesting to note that 
even though ascharite is quite insoluble in water it is readily dissolved by solutions 
containing carbon dioxide and calcium sulphate, to give magnesium sulphate and 
boric acid.?*% 


2MgO,B20;,23H20(3H20). The existence of the 24 hydrate has been shown by 
two workers.°°’'?7 In a metastable form it is found as a solid phase in the MgO- 
MgCl.-B203—H2O system. The compound has been studied by optical, thermogravi- 
metric and X-ray techniques** and one author reports it to have a similar X-ray 
pattern to ascharite.°° The 2:1:3 compound is also reported by d’Ans and Beh- 
rendt °° to be formed by refluxing inderite (2:3:15) in a 50% solution of magnesium 
chloride hexahydrate for 4 days. The distinction between this compound and the 24 
hydrate is difficult; it would be necessary to compare closely X-ray patterns and 
other crystal properties before deciding that they are definite entities. 


2Mg0O,3B203,xH20. Hydrates with x=3, 5, 13, 15 and 17 have been reported. 

The 3, 5 and 17 hydrates are referred to only once each in the literature. The 
former is reported to be produced by reacting the 1:1 borate with a dilute solution of 
boric acid 17°; the latter was formed whilst investigating the-extraction of boron from 
solutions by precipitation with magnesium salts.'*° This compound is reported as 
having a density of 1:61 and the following refractive indices: Ng= 1-502 and Np= 
1-486. It loses water at 65—70°C to give the 2:3:5 compound.1*% 

The 2:3:13 compound as a mineral was for some years (1941-60) given the name of 
kurnakovite (triclinic) and was originally found in conjunction with the 2:3:15 com- 
pound known as inderite (monoclinic) in Lake Inder. 

In 1960 it was suggested that both kurnakovite and inderite had the same formu- 
la'4+, and in 1963 this was confirmed!**, the formulation being 2:3:15. Further 
confusion arose when a new mineral /esserite was discovered at Boron, California, 
which later was proved to be inderite. It seemed then that both kurnakovite and in- 
derite have the same formula but are distinct minerals. In 1965, however, the situation 
became less clear by the reporting of the existence of the 2:3:13 compound in con- 
junction with the 2:3:15 borate in the MgO—-MgC1.2-B203—-H2O system at 25°C.127 

The 2:3:15 compound in the form of kurnakovite has been synthesized by crystal- 
lization from a saturated solution of kaliborite.1*® On the other hand the compound 
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in the crystal form of inderite has been found in the MgO-B.O3-H2O system at 25°C 
after 97 days, and the Kz0-MgO-B,03-H2O system at 25°C after only 40 days.147 
It was also found to occur in the MgO-B,03-H.0O system at 35°C but not at 83°C®> and 
may, in addition, be crystallized from a solution of borax at 35°C by the addition of 
magnesium sulphate.**® The conditions of more rapid formation from magnesium 
hydroxide and boric acid are as follows.°® 


2litreswater amorphous ‘X’ 2 mols HgB03 
Saeeis Seamer 


Mg(OH)2+ 2H3BO3 a CO a TET STIEn inderite 


all 4 mols Hg3BOg at once 
1:2:84 (metastable) 

Inderite has been shown to crystallize at pH 7:2-9-0 in the MgO-B20;-H.2O sys- 
tem at 25°C**° and is also to be found as one of the ten solid phases in the MgO- 
MgCl.-B20;—-H20  system.'?7 A compound close to the inderite composition was 
obtained from mixing equal volumes of 0-7M MgCl. and potassium tetraborate solu- 
tions.°°? Both potassium and ammonium magnesium borates (M20,MgO,3B203,- 
xH2O) hydrolyse with water over a period of days to give inderite.21 Inderite is a 
solid phase of the NaCI-KCI-MgCl.-KOH-B,0;-H20 system at 25°C.5°4 

Inderite has a specific gravity of 1-78.°*:+48 Its crystal structure has been studied, 
especially to compare it with kurnakovite.11% 144 149 

The anion in the inderite structure is probably a ring of the form 


OH 2- 
i 
GRIER 
O O 
HO | OH 
~ Be 
B B 
“ier tk ae 
HO O OH 


giving an overall formula of Mg[Bz;03(OH);],5H2O. It has been deduced from the 
**B nuclear magnetic resonance spectrum that two of the borons are tetrahedrally co- 
ordinated and the other triangularly co-ordinated, thus supporting the above formula. 
Other evidence also implies this formula.1*®:15° The structure of kurnakovite has 
recently been studied again*°**°? and could be represented by a formula correspond- 
ing to Mg{[Bs03(OH);]4H2O}H2O with one molecule of water differing from the 
other four.°®° Heating curves of synthetic inderite show that there is an endothermic 
heat effect due to loss of water up to 450°C and that at 600-700°C it changes to an 
exothermic effect connected with its change of solid state. The identity. of synthetic and 
natural inderite was also proved by the characteristic heating curve!*® and the refractive 
indices.??!° 

Inderite is decomposed by refluxing with a 50°% solution of magnesium chlorile 
hexahydrate, when the 2:1:3 borate is formed.%® 

During a study of the thermal decomposition of magnesium borates at various pres- 
sures, the 2:3:15 compound was observed to dehydrate in four stages.°*? Pinnoite and 
1:2:9 were formed at 170—200°C; the 1:2:9 compound dehydrated to MgO,2B.03 at 
400-545°C, but through two intermediate borates: 1:3:5 (110-140°C) and 1:2:3 
(270-460°C). | 


3MgO,B.03,11H2O. One reference to this compound is to be found in some recent 
work on the MgO-MgCl,—-B2,0;-H2O system at 25°C. The crystals isolated were 
biaxial and positive with N, = 1-506 and N,,= 1-488. Heating curve data are quoted.127 


3MgO,5B.03,44H.0. This is known only as the mineral prebrazenskite and has not 
yet been synthesized; its formula has alternatively been quoted as 4:7:61!2) 153, and 
Sir Sadaqhe 
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6Mg0O,7B.03,H2O. This borate has recently been reported in some work on the 
MgO-B,0;-H20 system at 400°C.°? 


9MgO,B.0;,2H2O. This is only known as the mineral wightmanite. It has not been 
synthesized. 


Hydrated Magnesium Double Borates 


Magnesium Ammonium Borates. Only one magnesium ammonium double salt has 
been reported. If a magnesium sulphate solution (2:5 g of MgSO, in 30 ml of water) 
is added to a solution of 12:3 g of boric acid in 150 ml of water, containing 0:1 mole 
of ammonia, the solution starts to throw out crystals of (NH4)20,Mg0,3B.03,xH2O 
after about 24 hours. Crystallization can be accelerated by scratching the beaker, 
when it occurs after only a few hours.'°° If the product is washed with alcohol and 
then ether, or dried at above 20°C, the product is heptahydrated. Alternatively by 
drying over phosphorus pentoxide at 20°C the 15 hydrate is obtained. If the hepta- 
hydrate is heated at a temperature between 25 and 70°C, water is driven off until only 
the equivalent of 4H.O is left. Above 100°C ammonia is evolved, and at 130°C all the 
ammonia is lost, as well as 1 molecule of water. Above 130°C the final 3 molecules of 
water are lost. The product hydrolyses slowly to give large prisms of inderite (2MgO,- 
3B203,15H2O).?? 


Magnesium Sodium Borates. Some years ago fairly well-substantiated work (Mellor, 
V, 99) was done on the production of Na,O,2Mg0O,5B203,30H.O. In addition the 
mineral rivadavite, 3Na,2.0,MgO,12B.03,22H.O1°°, has recently been discovered. 
Apart from this evidence, however, the only modern work on this subject is negative.?? 
Unsuccessful attempts have been made to produce a sodium analogue of the am- 
monium magnesium borate referred to above. The lack of success is thought to be due 
either to the impossibility of getting the right pH conditions or to the hydration of the 
sodium ion.?! 


Magnesium Potassium Borates. Two hydrates of the form K20,Mg0O,3B203,xH2O 
have been synthesized. The 15-hydrate is the best characterized and may be prepared by 
prolonged agitation of a mixture of 2:5 g of MgSO.,7H2O with 15 g of K2B,07,4H2O 
in 100 ml of water at 5-10°C.11° The optimum pH for the formation of this com- 
pound is 9:0—11-0.15” Further work on the formation of K,0,Mg0O,3B203,xH2O from 
the reaction of magnesium chloride and K2B,O; is reported:°°* A lower hydrate, 
K.0,Mg0O,3B203,9H2O, has also been found.**? 

Other reported borates of this kind are the minerals kaliborite, 4MgO,K20,11B2Os,- 
18H.O, and heintzite, 4MgO,K20,11B203,14H.2O. The former has been synthesized 
(Mellor, V, 99). Kaliborite hydrolyses to give an amorphous compound which, if 
heated at 150°C in a sealed tube with sodium chloride, forms ascharite (2MgO,B20Os3,- 
HO). A study of the effect of hydrolysis and the reaction with solutions of gypsum 
has been carried out with a view to providing information on the autotransformation 
of boron minerals.*® With a solution of calcium sulphate at 25°C kaliborite is trans- 
formed into hydroboracite (CaO,MgO,3B203,6H2O) and inyoite (2CaO,3B20s3,- 
13H.2O).124 152 

K.0,Mg0O,3B.03,15H2O loses 10 molecules of water between 30 and 60°C and a 
further 2 between 60 and 100°C. The final 3 molecules are driven off between 100 and 
350°C, and at 700°C the product sinters. The compound hydrolyses in much the 
same way as the ammonium analogue, producing inderite.!?° 


Magnesium Calcium Borates. Two compounds CaO,Mg0O,3B.03,6H2O, hydrobora- 
cite, and CaO,MgO,3B.03,11H2O, inderborite, have been synthesized. The former is 
produced by heating to boiling point a mixture of borax and calcium and magnesium 
chlorides in water, decanting, allowing the supersaturated liquid to stand under re- 
flux at 50°C, and seeding with hydroboracite.1°® Later workers synthesized it from 
boric acid, lime, water and magnesium chloride, and considered thermograms and 
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infra-red absorption spectra of the product.®*” Inderborite is formed by heating 
borax and the respective hydroxides together under thermostatic control for 3 
months.*°? Kaliborite (K20,4Mg0,11B.03,18H2O) reacts with a solution of 
sodium chloride and gypsum (CaSO,,2H2O) to form hydroboracite, as well as various 
other products. 1+ 

The structure of hydroboracite is quoted as MgCa[B30,(OH)s3]2,3H20 ®, probably 
involving an anion of the structure: 


O O O Os. 
SF nO OE IONE I” 
B B B 


| | | 
OH OH OH 


(ref. 160) 


A study of the dehydration of hydroboracite by differential thermal analysis 1&1 
indicates that only 2 molecules of water are lost up to about 220°C, where there is a 
sharp inflection of the curve, implying a formula CaMg[B,0,(OH),],2H.O. Dif- 
ferential thermal analysis of hydroboracite and inderite, as well as of other related 
borate minerals, has also been carried out.1*1 

The structure of inderborite differs from that of hydroboracite in the constitution 
of its anion, which is reported to have a ring structure ®* 55?: 
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This gives the formula CaMg[B303(OH)s5]2,6H2O. 

Two reports of the cell parameters of inderborite differ to some extent 162: 163, but a 
further paper +®* confirms the second reference. 

The solubility properties of hydroboracite have been extensively investigated, 
Owing to its use as one of the principal borate-producing minerals in the U.S.S.R. 
The leaching of hydroboracite with water eventually yields ascharite. It has been 
observed that the order of leaching is B20; > Ca > Mg.1? Its solubility in saturated 
solutions of gypsum and sodium chloride varied little from that in water (0-23-0-26°% 
B2O3 at 25°C).*° The solubility in water is recorded as 0:08°% B.O3 at 25°C by another 
worker.*** The rate of dissolution in water was investigated at 25, 50, 75 and 95°C; it 
more than doubled over the extremes of this range.!1? The solubility and rate of dis- 
solution of hydroboracite in solutions of hydrochloric acid of different concentrations 
showed that the rate decreased as the acid concentration decreased but in solutions 
with acid concentrations greater than 20% the rate remained steady. The decrease was 
related to the formation of a film of boric acid over the surface of the compound.1® 
Similar investigations were carried out using nitric acid 1®* and sulphuric acid.1°* De- 
tails of a more extensive investigation concerning temperature coefficients of dis- 
solution rates and activation energies of dissolution of hydroboracite in hydrochloric 
acid solutions ranging from 2-5—30 wt.-°% have been published.1®” The latter workers 
utilized the formula 

V = (p3'*/t)(¢ 5/2 —g 7°) g cm~? sec? 


where V=rate of solution; 
ps= density of crystals; 
&o and g=weight in g of crystals before and after experiment; 
t= time in seconds. 


The rates of solution with all these acids were much the same. However, it was 
postulated*®® that a film of calcium sulphate was the factor limiting the rate of 
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solution at higher concentrations of sulphuric acid, not boric acid. Finally it has 
been shown that the presence of magnesium sulphate and boric acid, in solution dur- 
ing the reaction of hydroboracite with sulphuric acid, has no effect in slowing down 
the reaction, whereas a distinct retardation was found in the case of ascharite.1°* 


Other unsynthesized magnesium borate minerals containing calcium and magnesium 


Kurchatovite, CaO,SMgO,MnO,6B.03; 
Roweite, (Mn,Mg,Zn)O,CaO,B203,H2O. 


Magnesium Borates Containing Other Anions 


Phosphate 


2MgO,Mg;3(PO.)2,B203,8H20. This compound is found in nature as the mineral 
leunebergite but has also been synthesized by two methods. 


(a) An identical compound to leunebergite (according to the X-ray powder diagram) 
is formed by mixing 1-0 g of magnesium oxide together with 8-1 g of MgHPOQOu,,- 
3H20 and 9-2 g of boric acid in 200 ml of water, and keeping the mixture at room 
temperature for some weeks, or at boiling point for a few days.?°9 

(b) The second method employs the slow reaction between boric acid, magnesium 
chloride or sulphate, and apatite (calcium phosphate fluoride).1”° 


The structure of this compound has been quoted to be Mgs[B2O5](PO.)2,8H2O, 
where the borate anion is probably of the form ®*1"?: 


4-— 


The system MgO-B.0;-P20;-H2O was studied at 90°C.®°’ 2Mg0O,B.03,P.0;,- 
7:5H2O was observed as a solid phase. 


Sulphates 


Mg[B(SO,)z]e, etc. This compound is not a true borate as it has properties which 
relate it more to the product of the reaction between boric oxide and concentrated 
sulphuric acid. It is formed by reacting magnesium sulphate (MgSQ,) with boric acid 
and sulphur trioxide??: 


MgsO,+ 2H3BO3;+ 6SO3 = Mg[B(SO,)e]lo+ 3H2SO4 


Analogous compounds are also formed in which the metal ion is Ca?*+, Sr2*, Ba?*, 
hig seo. ot. Cue. 2n. Ca. He or. Pb. 

The compounds, except for those of nickel and cobalt, are colourless and very 
hygroscopic. They all seem to have similar lattice structures and are probably ionic 
with high-polymer anions.1? 

There is also a mineral sulphoborite, 2MgO,MgSO.,B203,5H2O, which has not yet 
been synthesized, but which can be classified as a borate. 


Chloride; Boracites 


The best-known compound that comes under this heading is SMgO,7B203, MgClz 
which is found as the mineral boracite. It is comparatively rarely, however, that the 
mineral contains only magnesium; it is better known in forms containing iron and/or 
manganese substituting for the magnesium, e.g. ericaite. Boracites have been syn- 
thesized in which the magnesium has been replaced by nickel, zinc, cadmium, lead, 
barium, etc.1”2: 29°, and in which the chlorine has been replaced by bromine and 
iodine giving bromo- and iodo-boracites of magnesium, iron (Fe?*) and manganese 
(Mn?*).?7° A variety of boracites can be made by varying the starting materials and a 
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recent patent describes an interesting method whereby the metal chloride, the appro- 
priate oxide and boric oxide are mixed with a carrier H2O,HX (X = halogen), oxygen 
or a halogen, which is chosen such that during the heating of the mixture in a closed 
vessel at 300°C, the boric oxide remains in the liquid phase. Crystals of the required 
boracite are formed via the vapour phase and crystallize on the surface of the con- 
tainer.*° 

It is also possible to produce boracite as a solid phase from the aqueous system 
MgO-MgCl.—-B2,03;—H20.°° 

Ferroelectric properties of boracite were predicted from theoretical considera- 
tions'’* and studied experimentally, together with elastic and piezoelectric be- 
haviour.?’*:1"° The dielectric properties of boracite have also been investigated.!72 17° 

X-Ray studies of single crystals of the two crystalline modifications of boracite (a 
and 8) show that the structures contain both BO, tetrahedra and BO;O pyramids?!” 
and on this evidence, in a classification of borate structures *°*, boracite is placed in 
the ‘three-dimensional lattice’ type of non-ring borates, i.e. Mg3(B7O,3)Cl. 

The various crystal structure parameters, etc., for the bromo- and iodo-boracites of 
magnesium, Fe?*, Mn?* are compared with those for corresponding chlorobora- 
cites,*** 


Silicates 


Boron Phlogopite KMg;BSiz;0,.(OH)2. This mineral has been synthesized17® by 
heating potassium silicate (K20,6SiO2), magnesium oxide and boric acid together in a 
sealed gold tube under 2000 bars pressure at 250—-300°C, the reactant proportions 
being such that the ratio K:Mg:B:Si=1:3:1:3. The optical properties were deter- 
mined. 


Borotartrates 


A number of borotartrates of the form MC,H30;BO2,xH2O have been synthesized, 
where M= Mg, Ca, Sr, Ba; in the case of magnesium compound x = 7.27 


Unsynthesized Magnesium Borate Minerals Containing Other Anions 


FLUORIDE: Fluoborite, 3MgO,B203,3MgF2 or Mg;(BO3)(F,OH)s; 
CARBONATE: Borocarite, 4CaO,MgO,2B203,2CO2,3H2O0 

Carboborite, MgO,2CaO,B203,CO210H2O 
CARBONATE CHLORIDE: Sakhaite, 23CaO,8Mg0O,7B203,8CO2,CaCls8H,O 
SILICATE: Tourmaline. 


CALCIUM BORATES 


Anhydrous Calcium Borates 


The system CaO-B.O3 was studied thoroughly by Carlson+79, confirming previous 
work that there are four distinct solid phases, 1:2, 1:1, 2:1 and 3:1. Apart from the 
unsynthesized mineral, calciborite (CaO,4B.03) the only other anhydrous calcium 
borates are the 2:3 (?), 4:7 and 5:4 borates, which are reported to have been formed 
at elevated temperatures from aqueous solutions.1®° In a study of the system in which 
calcium carbonate and boric acid were together fired at 50°C below that at whicha glassy 
phase was formed, and held at this temperature until solid-state equilibrium was ob- 
tained, CaO,2B.03, 2CaO,B203, CaO,B2O; and 3CaO,B.O3 were identified.°7? 

Above about 77 wt.-%% B2O3 the phase diagram +79 (Fig. 6) shows an area in which 
two liquid phases are in equilibrium; these can be reduced to one phase by the addition 
of 3 mol.-%% of potassium oxide. The viscosity and electrical resistivity of the liquid 
treated in this way increase rapidly over the temperature range 600—800°C but become 
constant or slightly decrease over the range 1000—1100°C.*: 18! Details are also given 
of other additions which have this homogenizing action on the liquid phases.2 The 
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Fic. 6.—Phase diagram for the system CaO-B2O3'% (solid phases are represented by 
numerals indicating their CaO: B.Osg ratios) 


surface tensions in the two-liquid region are the same as that of boric oxide, and out- 
side the region the surface tension increases as the calcium oxide content increases.+ 

Activities deduced from the liquidus curves of the CaO-B.2O3 system?!” and high- 
temperature heat contents!®? are consistent with the presence of simple BO3~, and 
(BO.)3~ ions.?®? Values of the thermodynamic quantities AS, AF18* and AH® 185 
have been determined for the four borates represented in the CaO-—B2O3 system.?8° 
The heats of solutions of calcium borate, as well as of other alkaline-earth borates and 
lead borates in 2N nitric acid were measured for glassy and devitrified modifications. 
Tabulations of heats of fusion, entropies of fusion and entropy changes versus tem- 
perature for the borates are also available.® The heats of solution of anhydrous cal- 
cium borates in N hydrochloric acid have also been determined, and an expression 
derived, AH = — 3280— 14:60C, where C=g of boric oxide dissolved in 1845-5 g of N 
hydrochloric acid.18° The hygroscopicity of the various borates is greatly increased 
by the presence of an excess of calcium oxide or boric oxide.*”® 

Calcium borates activated with various metals such as lead, thallium, molybdenum, 
tin, bismuth and the rare earths have been the basis of a large amount of work on 
luminophors. 

Many systems containing calcium oxide and boric oxide to which other oxides have 
been added have of course been studied in the glass technology field. Studies of a few 
of these systems, listed below, have afforded evidence of well-defined crystalline 
mixed calcium borates: 


Na,O-CaO-B.O3 (ref. 187) 
CaSO,—Na20,2B.03 (ref. 188) 
NaCaBO;—Naz2COsz (ref. 189) 
CaO-As2.O05-B2Oz (ref. 129) 
CaO-P,.0;-B20O3 (ref. 190, 557) 
Cd(BOz2z)2—-Ca(BOz)2 (ref. 7) 
Sr(BO2)2-Ca(BOz)2 (ref. 7) 
Ba(BO.z)2—-Ca(BOz)2 (ref. 7) 
K,0,B,0;—Ca(BOsz)2 (ref. 56) 
Na2O,B203—Ca(BOz)2 (ref. 56) 
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Theoretical temperature-composition phase diagrams were deduced from free 
energy-composition curves for the system 2CaO,B203—CaO,SiO2.19! The activities in 
calcium borosilicate melts19? have been determined. 

CaO-MgO-AI1,0;—B2O3 slags have been used as a medium for titanium-ion reduc- 
tion reactions. Polarization of Cu-Ti, Fe-P-Ti and tungsten electrodes during the 
deposition of titanium was caused by the diffusion of the ions in the melt.19? 

Evidence for the occurrence of linear or laminate polyborate ions in CaO-B,O3 
melts is given by increased conductivity in the direction of flow of the liquid and 
decreased conductivity when measured transversely.194 


CaO,B.O,;. Investigations of the CaO—B2O3 system have shown that the 1:1 borate 
or metaborate crystallizes in long, flat plates melting at 1154+ 5°C.179 Among other 
compounds a high-pressure polymorph of CaO,B.03 has also been prepared by 
hydrothermal treatment of Ca(OH)2—-HsBOz3 mixtures at 200—-400°C. X-Ray data are 
given??® (see Fig. 22). 

Crystals of the normal compound belong to the orthorhombic system with four 
molecules to the unit cell.1°® X-Ray techniques show the structure to consist of BO; 
groups which join to form endless chains parallel to the c-axis.1°” Refinements of this 
original work did not alter this conclusion, but gave evidence that the three B—O 
bonds in the BOs; triangle are of different lengths, 1-326, 1-385 and 1-401 A, with the 
short bond to the unshared oxygen atom. The Ca—O bonds range from 2-347 to 
2:727 A.1°8 The density calculated from the above data is 2-70 compared with the ex- 
perimental value of 2:65. The structure of polycrystalline calcium metaborate has also 
been studied using a 141B n.m.r. technique.?9° The crystal structures of calciborite and of 
four synthesized polymorphs have been determined.*** 

Study of the activities in the 1:1 or metaborate melt suggest the formation of the 
hexagonal ring [(BO)303]*~ ion.?®? 

Various thermodynamic properties of the compound are quoted: 

S'298-16 = 2°6+ 0:3 cal/deg/mole (ref. 184) 
Foo8-16= — 30,200 + 90 cal/mole (ref. 184) 
AH; (from oxides) (at 298-16 K) = — 29,420+ 20 cal/mole 
AH, (from elements) (at 298-16 K) = — 524,000 cal/mole (ref. 185) 
S=25-1+40-2 cal/deg/mole (ref. 184) 


The heat of solution in N hydrochloric acid at 298-16 K is —20-259+ 8 cal/mole.1®° 

The electrical conductivity of the metaborate, with a slight excess of boric oxide, 
varies inversely with temperature. This effect is especially noticeable at low tempera- 
tures. The mechanism of conductivity is assumed to be electronic.2°° 

The compound has been tested as a cyclotron target for the production of radio- 
active calcium. It is only 27% as efficient as metallic calcium, but allows stable opera- 
tion of the cyclotron and radiation stability.2° 

A number of binary systems in which the 1:1 borate is one component and another 
anhydrous metaborate is the other have been studied; results are summarized in 
Table I. 

The fluorescent properties of the metaborates activated with various metals have 
been studied.** 


CaO,2B.0;. The 1:2 borate has the lowest melting point (986°+5°C) of the four 
calcium borates found in the anhydrous system CaO-B.O3.!79 

The thermodynamic properties of this compound have been studied and some are 
found in. Table I1,1°*.48%42° 

On the basis of some early work*”® the structure is considered isomorphous with 
the corresponding lithium, sodium, potassium, cobalt, strontium and lead tetra- 
borates, in the order of three-dimensional lattice borates with double rings.** 

Apart from its synthesis from its component oxides!’° the compound also crystal- 
lizes from the system: 


CaSO, = Na2O,2B.03 = CaO,2B.03 a Na2SO,4 
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Table I— Systems related to CaO,B203 


System Ref.| Mol.-°%% | M.p.,| Eutectic Tran- Compound 
no. | Ca(BOs)2 | °C temp., sition 
, a © temp., 
1G 
Na.,O-B.O;- 56 50:5 — — 89 corres. to forma- 
CaO,B.203 tion of incong. 
compound 
2NaBOz,- 
Ca(BOz)2 
28°5 — 855 — -— 
K.0,B203- 56 3522 — 858 — — 
CaO,B203 
CdO,B.03- T 18-5 860 cong. compound 
CaO,B203 25 836 -— — 
35°) 868 — — incong. compound 
45 950 — — cong. compound 
75 — — 998 — 
poly 
morphic 


Continuous series of solid solutions, m.p. min, at 1062°C 
22°5 1056 cong. compound 
incong. compound 


SrO,B,0,;—CaO,B.O03 7 
BaO,B2O03- ir 
CaO,B203 


Double salts of the following composition also crystallize from this system: CaSOu,- 
CaB.0O7; Na2Bs07,2CaB,O7; Na2BsO7,2CaSO,. The stable diagonal CaSO,-— 
NazB.O; divides the system into two triangles which differ sharply in their properties. 
The melts of the triangle CaSO,—-Na2SO.,—Na2B.,O; are easily crystallized and also 
show a great tendency to separation into layers. The melts in the triangle CaSO,— 
CaB.,0,—Na2B.,0O7 tend to form glasses.1®® 

The addition of the 1:2 borate to thoria during hot pressing at 1650°C decreases 
the porosity of the sintered thoria.?° 


2CaO,B203. This compound was produced in phase equilibrium studies!”® as 
crystals of irregular grain-size, m.p. 1298+5°C. The synthetic compound 2CaO,- 
B.03,H2O and the analogous mineral sibirskite completely dehydrate at 400°C to 
give the anhydrous compound. X-Ray data for the 2: 1 compound formed in this way 
are recorded.”° The synthesis and further X-ray data for 2CaO,B.O3 are discussed 
in some later work.2°* °73 

Some thermodynamic properties are given in Table II.18?: 184: 185 

On the basis of somewhat slender evidence!”° the structure has been placed in the 
category of insular borates of non-ring structure containing dimers of B(OH,O); 
triangles and B(O,OH), tetrahedra.®* 

Theoretical temperature-composition phase diagrams have been deduced from free 
energy-composition curves, assuming ideal solutions, for the system 2CaO,B.O03- 
CaO,SiOz.19? 


2CaO,3B,03. The isobaric potential of this compound has been found in the CaO- 
B.O3 system, which seems to indicate that it should be more stable than the 1:2 
borate in the presence of boric oxide.1°? Reference to earlier work gives details of its 
formation (Mellor, V, 90). The crystal structure is framework-type and is characterized 
by [BeOi1]*~ polyanions, formed from four successively linked BO, tetrahedra with 
2BO;3 triangles closing them.°®72 


3CaO,B.0;. The orthoborate crystallizes from the anhydrous CaO-B,O3; system as 
transparent prismatic crystals with a melting point of 1479+ 5°C.17° It may also be 
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formed by heating its constituent oxides at 365°C for 5 hours in the presence of 
saturated steam.?°? The compound also forms in furnace linings in which magnesite 
blocks are bonded together with boric acid, if too much of the latter is added.*! A 
further synthesis is also on record.?° 

Two studies of the infra-red spectra of the orthoborate ion in calcium orthoborate 
have been carried out.®’”* The results of the former work were consistent with a 
dimeric arrangement of ions, but it was not possible to deduce the spatial relation- 
ships of the BO3~ ion. X-Ray data are also on record?°*: 2°*, including a determination 
on single crystals grown from the melt.®°2: ®>" The structure is classified in the order of 
insular non-ring borates with independent polyions®*, which is inconsistent with a 
dimeric arrangement deduced by other authors.? The BO; group has been stated to be 
non-planar, and the Ca atom to be surrounded by eight nearest O atoms forming a dis- 
torted square-antiprism.°°” 

Certain thermodynamic data are given in Table II.18? 184: 185 In the aluminothermic 
production of ferroboron the slags contain the 3:1 borate, which may exchange its 
calcium for aluminium.°*? 

Study of the system 3CaO,B20;—2CaO,SiO,z has resulted in the formation of two 
crystalline compounds of the formula 11CaO,4Si0O.,B203, one a high-temperature 
form and the other a low-temperature dimorph. Lattice dimensions are given.5®6 


Other Anhydrous Borates 


Three other binary borates have been described recently. The 1:4 borate is only 
known as the mineral calciborate on which some data have been gathered.2°* Hydro- 
thermal reaction of the system CaO-B,03-H.2O at 200-350°C gives rise to a reported 
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Fic. 7.—The system CaO-B,03-SiO2?°° 
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4CaO,7B203 compound.?®° At 125—340°C the hydrothermal reaction of borax and 
gypsum gives a solid phase corresponding to 5CaO,4B203.1°° 

Few ternary or higher anhydrous calcium borates are recorded in the literature. The 
system CaO-SiO2-B2O3 has been studied fairly extensively!9?’ 2°’-® and found to have 


large areas of immiscibility. 


Figure 7 shows the crystallization in the system; it will be noticed that two calcium 
borosilicates are shown crystallizing: CaO,B.03,2SiO2 and 5CaO,B2.03,SiO2.2°° The 
former of these is shown as the mineral danburite. Figures 8-19 show binary systems 
comprising various solid phase pairs.?°° It is reported that synthetic danburite may be 
crystallized from borosilicate solutions rich in calcium and carbon dioxide having a 
pH 8:-0-8:5 in a hydrothermal reaction at 280-—350°C.?1® 
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There are three references to borates in the NagO—CaO-B.O3 system. Na2O,2CaO,- 
B.O3 is mentioned as reacting with sodium carbonate to give mixed crystals to the 
extent of 109%.?" Its structure is quoted as belonging to the order of insular non-ring 
borates having independent polyanions.*®? 

Borax reacts with calcium sulphate with the production of a phase identified as 
Naz2O,2CaO,4B.03.'8% Recently a well defined borate of the formula 3Na.O,- 
2CaO,4B.03 has been crystallized from the NazO—CaO-B2Ox3 system. It has a melt- 
ing point of 882°C and a density of 2:19 g cm~3 at 25°C. The formula: 


O O OA 
Sf SORGOP 
B B 
ee 
2 Ova 
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wa: 
Poe as 
O O O 


6Nai*, 2Ca** 


2 


has been postulated. X-Ray data are available.1®” 

2CaO,A1,03,B203 and CaO,A1,03,B203 have also been synthesized 212: 229 and the 
structure of the latter discussed.?!? Tetragonal CazgMg(BOs3)2 has been synthesized.®®9 

The mineral nordenskiéldine was synthesized in an autoclave by hydrothermal re- 
action of lime, stannic oxide and boric acid or borax.®” The formula is CaO,SnOg,- 
B.O03; analogues of this compound are formed by substituting the oxides of ferrous 
iron, magnesium, barium or manganese for the calcium oxide. Borates of the type 
M?* M**(BOs)2, where m= Mg, Ca, Sr, Ba, Cd, Mn or Co and M= Sn or Zr, have been 
synthesized from the melts.°°® The structure is reported to be analogous to those of 
Na,O,2CaO,B.0,°* 213 and dolomite.?° 

The compound 2CaO,P20;,B203 may be prepared by heating CaHPO,,2H2O with 
boric acid for 2 hours at 600°C and then for 3 days at 900°C. By replacing the phos- 
phate by arsenate the analogous arsenic compound 2CaO,As.05,B2O03 is formed.12° 
These compounds have been characterized by X-ray analysis and differential thermal 
analysis and shown to be isotypical with the corresponding strontium compounds. 
They are stable to methyl alcohol, but are decomposed by water and dissolved by 
dilute acids.’?% °° a-Ca3(PO.4)2 does not dissolve in molten boric oxide but the B- 
modification does to the extent of almost 20 mol.-°% at 900°C.®° 

A compound of the formula Ca[B(SO,)2]2 has been formed by reacting calcium 
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Table II —Thermodynamic Properties of Calcium Borates 


AS, cal/deg/mole AF, cal/mole AH, cal/mole Heat of solution in 
N-HCI at 298-16 K, 
cal/mole 18° 


(Formation from oxides, at 298-16 K.18*) 


3CaO,B203 2-4+0-7 — 60,720+210 — 6,000 + 40 — 82,4234 12 
2CaO,B203; 2°7+0°5 — 46,570+ 150 — 45,760 + 30 — 50,287 + 20 
CaO,B203,; 2:°6+0:3 — 30,200+ 90 — 29,420+ 20 20,259 + 8 
CaO,2B2,0; —3-:3+0°5 — 41,950+ 150 — 42,930+ 20 — 10,080+ 10 


(Formation from elements, at 298-16 K.+8*) 


3CaO,B203 — 136-4+0°6 — 817,500 — 858,200 
2CaO,B203 —111:2+0°5 — 659,000 — 692,100 
CaO,B203;  —86:3+0°5 — 498,300 — 524,000 
CaO,2B203 — 156:2+0°9 — 833,700 — 880,200 


sulphate and sulphur trioxide with a large excess of boric acid; with an insufficient 
quantity of boric acid trisulphate borates are formed, such as Ca[Bz;O(SO,)3]. These 
latter compounds are probably ionic, with high polymer anions.*? 

Compounds of the general formula 3MO,5B203,MXz2 where M=Ca, Sr, Ba, Eu, 
Pb: X=Cl, Br have been produced.?7° 

The results in Table II for heats of solution in hydrochloric acid were represented 
by the expression: 


AH = —3280—14:60C 


where C is the weight in grams of boric oxide dissolved in 1845-5 g of 1-000N hydro- 
chloric acid. 


Hydrated Calcium Borates 


The first systematic study of the CaO-B.0;—H.O system was carried out by Sborgi*®® 
in 1913/14, and was later restudied by Nickolaev and Chelishcheva on a fully equi- 
librated system?! (see Fig. 20). The quaternary system Naz,O-—CaO-B20;-H:20 at 
25°C (see Fig. 21) was studied by Kurnakova and Nikolaev?°®, who discovered nine 
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Fic. 20.—Solubility isotherm at 25°C of the system CaO-B,03;-H20 *° 
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Yx—Na2B,07,10H 
2Ca0,3B,03,13H2,0 \ a2B,0, 20 
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@x— Na20,2Ca0,5B,03,10H20 
i uN Boronatrocalcite (ulexite) 
Qn 8 
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Ca0,B,03,6H,0 \ 


XN Na,0,B203,8H20 


Ca(OH), Q 
—Na20,B20;3,4H20 


CaO Na,O 
Fic. 21.—Isothermal crystallization at 25°C in the system NazO—CaO-B203—H20 °° 


Lines of co-crystallization Eutonic points 
I HsBO3-CaO,3B203,4H20 1 Ulexite-Na2,0,5B.03,10H2,0—CaO,- 
II Ca0,3B.03,4H.2O-inyoite 3B203,4H2O0 
Ill Inyoite-CaO,B.03,6H2O 7 Na20,5B203, 1|OH2O-borax—ulexite 
IV Ca0O,B.03,6H20-—Ca(OH),. 


8 Na,O,B203,8H20-—borax—ulexite 
Vv CaO,3B203,4H20—Naz20,5B20s,- ae 2 
10H,O Transition points 


VI Inyoite—-ulexite 2 Naz20O,5B203,10H2,0—CaO,3B203,- 


VII Ca0,B.03,4H.O-ulexite 
VIII Ca0O,B.03,4H20—Na20,B203,8H20 
IX Ca(OH).—Na20,B203,8H20 
X NazO,5B203,10H2O0-ulexite 
XI Naz2O,2B203,10H2O-ulexite 
XII Na,O,B203,8H20-ulexite 


4H.O-ulexite 

3 Inyoite-CaO,3B;03,4H2O-ulexite 

4 Inyoite-CaO,B.03,6H2O-ulexite 

5 CaO,B203,6H20—Na2O,B203,8H20- 
ulexite 

6 CaO,B203,4H20—Ca(OH).—-Na20O,- 


B,03,8H2O 


solid phases, four of which were calcium borates. Kesans reviewed the Russian work on 
this subject in 195571 and Nies and Campbell in 1962 gave a more general appraisal 
of the current work.?? More recently Gode, an active worker in this field, has published 
a study on syntheses?!* with a review of the applications of calcium borates?°, and 
Nekrasov and Vlasova detected fourteen borates in a study of the CaO-B203;—-H2O 
system.®°® Gode later described conditions for the formation of calcium borates by an 
exchange reaction and presented his thesis in phase-diagram terms.°°® Outside Russia 
there was little work on calcium borate syntheses until recently, when Parkerson 
studied the CaO-B,03-H2O system at temperatures ranging from 70 to 360°C.18° 
Nikol’skii and Plyshevskii investigated the alkaline region at 95°C, proving 2CaO,- 
B,03,H20 formation®®? and Shafer studied the system at temperatures of 100—300°C 
(see Fig. 19)?°’ as part of a study of the system CaO-Al,03—B20;—H20. Solid phases 
corresponding to the minerals sibirskite, pandermite, fabianite, ginorite and possibly 
nobleite or gowerite were identified as well as hitherto unknown hydrates 2:2:1 and 
2:5:5 and the anhydrous 1:1 and 3:1 borates. Leibenguth studied the system 
CaO-HF-B,0;-H20.?1® Hanshaw studied the limited system Na2B,O7—CazBeO11- 
H.O, constructing a semi-quantitative phase diagram theoretically derived using the 
symmetry of the equilibrium contents.?1” Christ et al. showed that all significant 
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Temperature (°C) 
Pressure (kg/cm?) 


C.BH + high pressure CB High pressure CB + C2B3H 
300 72:5 
CH+C3B C,B3H-+ Boric acid 
250 C C.B2H+C,B3H 36:5 
C,Bs5H;+C,B3H 
ot C.BsHs+ Boric acid 15:0 
180+5 
CH+C,BH 
150 C,BH+ C,B5H, 4-6 
100 4; 


f 
1:1 
Weight °. B03 
Fic. 22.—Solid phases in the system CaO-B,0;-H20O at 100-130°C 
(C=CaO; B=B,03; H=H,0)267 


hydrated borate assemblages in the system NazgO-CaO-MgO-B.0O;-H;O were ex- 
pressible in three ternary composition diagrams.'°? The system Naz,O-K,0—-MgO- 
CaO-B.0;-H20 with NaCl or MgCl. has been studied at 25—70°C.5®° 

A variety of hydrated calcium borates exist with distinct physical and chemical 
characteristics; these are all difficult to crystallize and usually are formed via an 
indeterminate amorphous borate.?1®??° pH is an important factor in determining 
the type of borate formed.?2° For instance, in the system CaO-B.0;-H.0O at 25°C the 
relationship is as follows: 


pH Borate found 
5-5-6°5 1574 
7:21-9-32 5 oye eas 8 
9-65-11-4 Por o 


Thus the size of the polyborate ion decreases as the pH increases. As is usual with the 
formation of compounds containing complex anions the cation also has a distinct 
effect on the structure of the polyborate ion2?1 (cf. MgO-B2O03;—H2O system). 

Other parameters important in controlling the type of borate formed are tempera- 
ture and presence of neutral salts. At 45°C the solid phases found in the CaO-B,O;3- 
H2O system are 1:3:4, 2:3:9 and 1:1:4 hydrates??? (cf. the phases at 25°C above). 
This effect is carried to the extreme when under high pressures and temperatures, 
anhydrous calcium borates are formed; reactions in the CaO—-B20;—H20O system be- 
tween 70 and 360°C were studied and many compositions previously only known as 
natural minerals were synthesized.'®° More recent study at 95°C in the alkaline region 
showed inter alia the formation of 2CaO,B2,03,H20.°°° The addition of sodium 
chloride (to the extent of 5°%) to the CaO-B,0;—H2O system modified the pH ranges 
of stability of the solid phases as well as introducing the boronatrocalcite as a further 
solid phase.?2* Solid-phase reaction has been reported between borax and calcite or 
dolomite in the presence of sodium, potassium or lithium carbonate, with the assumed 
formation of calcium borates.??+ 

Calcium borates react with cationic exchange resins (‘Zeocarb 225’) to give boric 
acid; it is reported that the exchange is quantitative.?2° Hot calcium borates will 
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decompose slightly in the presence of steam, causing the volatilization of boric acid.?2° 
Both these facts have been considered in the production of boric acid, reviewed else- 
where. Thermal decomposition of calcium borates has been reviewed.?27 

Calcium borates hydrolyse in water, showing an appreciable ‘apparent solu- 
bility’.?? It is therefore not easy to remove traces of borate from water by precipita- 
tion as calcium borate; however, borates in low concentrations can be sorbed from 
sea water by treatment with calcined marble, magnesite or sintered lime and mag- 
nesia, CaO/MgO.??° The solubility of various calcium borate minerals in solutions of 
sulphuric acid?®*, hydrochloric acid+®” and nitric acid!®* have been studied and the 
mechanisms of solution deduced. Mutual solubility in the Ca(NO3)2-Mg(NO3)o- 
H3BO3—H20 system has been studied.?9? 

Thermodynamic properties have been derived for calcium borates of the general 
formula CaO,mB203,nH20.18° Infra-red spectra for a number of calcium borates 
have been studied?**-°*9 and the X-ray diffraction patterns of the 2:3 borates investi- 
gated 2%, the refinement of the various 2:3 calcium borate hydrate structures result- 
ing.*°° Atomic co-ordinates in various calcium borates have been reported.2%¢ 

Excellent Liesegang-ring phenomena are obtained from peptized calcium borates 
and barium borates.?°7 

The action of alkalis on calcium borate ores has been studied with the aim of 
refining borates.°°’ 


CaO,B.03,4H2O. This borate appears in the CaO-B.03;—H.O system at about 200°C 
(see Fig. 22). . 


Ca0,B.03,H20. Known as the recently discovered mineral korzhinskite.2°8 


CaO,B,03;,2H2O. The dihydrate of calcium metaborate is formed as an amorphous 
powder by heating the hexahydrate at 105°C. The crystalline compound is reported 
as being formed by heating the anhydrous material or a 1:2-5 molar ratio of calcium 
oxide, boric acid and water at 180°C, or by holding the amorphous dihydrate at 105°C 
for several days.*°° However, the same workers revised views concerning the for- 
mation of the crystalline dihydrate by hydrothermal methods.?%° They found that at 
temperatures ranging from 100-190°C and CaO: B.Oz ratios between 1:1 and 1:3, 
mixtures of the 2:1:1 borate and pandermite (4:5:7) were produced. The thermal 
dehydration of the synthetic 1:1:2 borate has been studied, inter alia, with the 
1:1:4 and 1:1:6 calcium borates.°® Its dissolution rate in water has been measured 
and the suggestion made that it is a good slow-release fertilizer.£°° 

The mineral uralborite, which corresponds to the same formula, is well sub- 
stantiated and exists as clusters of hexagonal prismatic crystals with a density of 2-60. 
It has been characterized by X-ray powder diagrams and D.T.A. curves2?° and 
differentiated from nifontovite (CaO,B203,2:3H2O)and frolovite (CaO,B203,3:65H2O) 
by infra-red absorption spectra.2*! Another mineral vimsite, having the formula 
CaO,B203,2:2H20, has been discovered in the form of elongated monoclinic crystals 
having a density of 2:54.42 Its crystal structure has been described in detail.24% 


CaO,B.03,4H2O. Calcium metaborate tetrahydrate is formed in the same general 
manner as the hexahydrate, but at temperatures above about 30°C.244 It may be ob- 
tained from the CaO-B,O0;—H20 system at 45°C in the form of rectangular crystals. 22? 
Needle-like crystals of the same material are also obtained by adding 4-4 g of CaCls,- 
6H2O in 10 ml of water to a boiling solution of 15 g of borax (Na20,2B203,10H2O) 
and 4 g of sodium hydroxide in 90 ml of water, and holding the amorphous precipi- 
tate at 75°C for 4-5 days.?*° Two industrial methods of producing tetrahydrate and 
hexahydrate, using as reactants hydrated lime, gypsum and borax, are described. In 
one case***, borax (230 g) lime (47 g) and gypsum (98-5 g) are stirred together in a 
litre of water with some tetrahydrate seed at a temperature between 40 and 100°C 
producing a crystalline tetrahydrate after only 2 hours. Alternatively 2*”, a mixture of 
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borax (450 g) and caustic soda (96 g) is dissolved in 900 cm? of water at 55°C and 
added to calcium hydroxide (22 g) and gypsum (50 g) in 100 g of water, to which a 
little tetrahydrate seed has been added; this process produces CaO,B203,4H2O in a 
crystalline form after 5 hours at 50°C. The addition of amorphous ‘CaO,3B,03,- 
8H.O’ to a potassium borate solution under certain conditions of concentration and 
PH is reported to give the crystalline tetrahydrate at room temperatures.?!° The tetra- 
hydrate is also formed from sodium borate and calcium chloride solution, temperature 
(which should be below 20°C) as well as concentration and alkali ratio influencing the 
result.° 

Work has been carried out using the 1:1:4 borate in glazes, where it can be applied 
without preliminary frittage.2*® The structure of the compound has been deduced 
conclusively as?*9: 


HO OH ]*~ 
hed 
Cart B 
pean 

HO OH |, 
with the calcium ion surrounded by eight co-ordinated oxygen atoms?°° in the same 
way as in the corresponding strontium salt, SrO,B,03,4H2O. Infra-red spectra con- 
firm the presence of a tetrahydroborate ion by the B—OH deformation vibrations.?°! 
The crystals are reported to belong to the prismatic class of the monoclinic system.2*° 
Both « and f crystal modifications are known and the structure of a—Ca[B(OH).]2 is 
described as orthorhombic.”°?-* Differential thermal analysis shows a strong dehydra- 
tion effect at 180°C and an exothermic peak at 700°C.7*8 A thermogram on a single 
crystal has been studied and shows similarity to the mineral frolovite (CaO,B2Os,- 
3:65H.O).2*° The crystal structure of this mineral has been determined, although the 
authors quote a tetrahydrate formula.®*! Further work on the thermal dehydration of 
the synthetic 1:1:4 borate has been carried out.°° 


CaO,B.03,5H2O. This was only known as the mineral pentahydroborite until syn- 
thesized by Russian workers.°°* The crystal structure indicated Ca[B20(OH).],2H2O 
with triclinic habit and d= 2-02 (calc.). 


CaO,B,03,6H20. This compound is the most easily formed and best known of all 
crystalline synthetic calcium borates. In addition to the methods used for the produc- 
tion of the tetrahydrate (but at lower temperatures) 21%: 2**: 24°: 247 the hexahydrate is 
reported as being formed in the following ways. 

Studies of the systems CaO-B2,O3;—-H2O 97119, Na,O-CaO-B,0;-H20?°° and 
CaO-NaCl-B,03;—H20 278 at 25°C all produced the characteristic hexagonal crystals. 
A product contaminated with calcium hydroxide was produced by adding 39% by 
weight of fresh calcium oxide to a 10°%% sodium chloride solution saturated with boric 
acid.?°? Control of pH was found to be important and the generalization made that 
pure 1:1:6 can be prepared in a few hours by taking a large excess of a B2O3: NazO 
solution of molar ratio 0-93-0-5 and treating it with calcium chloride. The pH does 
not appreciably change and the Ca?* ions are precipitated as CaO,B2.03,6H20O.?*® 2°° 
Fairly large crystals were obtained by allowing calcium chloride to diffuse into a 
solution of B203:NaO ratio 0-6.2°"-§ It was found that temperature, the Na2O:B2O3 
ratio and the amount of calcium chloride added influence the synthesis.°°° Hexa- 
hydrate formation is favoured at above 35°C. 

It was deduced from conductivity and cryoscopic measurements that in aqueous 
solution the borate hydrolyses according to: 


CaO,B20;3,6H20 + H2O — Ca?* + 20H~ + 2H3BO3; + 3H20.”* 


If reacted with borax the metaborate hexhydrate forms ulexite or probertite, de- 
pending upon the conditions shown on the following page?°°: 
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2[Na20,2B203,10H2O] + 2[CaO,B203,6H2O] 


> 
20° 119 days 
40° 60 days 


Na2O,2CaO,5B203,16H2O + Na2O,B.03 a5 16H,O 


————> 
Z 105° 8 days 
ulexite 


Na,.O,2CaO,5B203,10H2O Se Na2O,BsO3 = 22H.O. 
probertite 


In the CaO-B,0.—-H.2O system it takes 36 days at 25°C before the hexahydrate is in 
stable equilibrium with its liquid phase, which contains 0-195°% of CaO and 0:108% 
of B.O3.14” If the hexahydrate is heated at 105°C an amorphous compound is formed 
corresponding to the formula CaO,B2.03,2H20O, which may be converted into the 
crystalline form by prolonged heating in water at 105°C. The same dihydrate is 
crystallized by heating the hexahydrate at 180°C with water.?°? 

By X-ray diffraction the crystals are found to belong to the rhombo-prismatic 
class 2®° of the monoclinic system.?°! The unit cell contains 2 boron atoms each 
tetrahedrally surrounded by 4 oxygen atoms. Eight oxygen atoms surround each 

HO OH | — 
ee 


calcium atom. The B ions are bound together by means of a Ca?* 


YK 
HO OH 

ion and 2 water molecules.?°? Infra-red studies agree with this structure and not 
Ca[B20(OH)g.],3H20.7°* The density of the crystals has been determined as 1:870 
experimentally and 1-878 by calculation.?®* A thermogravimetric investigation of 
single crystals of the hexahydrate has been carried out.?*%°°8 CaO,B203,6H2O was 
reported to dehydrate with the formation of a dihydrate as intermediate®®*, but other 
workers found a first-stage dehydration to a tetrahydrate (<120°C) followed by a 
decomposition of the Ca[B(OH),]2 structure in the second stage (120-520°C), leaving 
an anhydrous CaO-B,O3 mixture.°°? An O D disordered modification of the 1:1:6 
borate has recently been discovered and may be represented by Ca(B(OH),)2.2H20.°®9 
A polytype of the layered borate CaB2O0.,6H2O has been reported.°°° 


CaO,2B.03,3H2O. Each unit cell of this triclinic compound was found to consist of 
two units of Caz[Bs013(OH).].°°° The structure has a layer character and consists of 
bent chains of Ca polyhedra cemented by a B-O skeleton of BOz triangles and BO, 
tetrahedra. 


CaO,2B.03,xH20. The compound CaO,2B2,03,6H2O has been reported to be 
formed by the action of calcium chloride on borax in solution?°*, but under normal 
conditions it is highly unlikely that it is formed as crystalline compound. The minerals 
bechilite (CaO,2B203,4H2O) and hayesine (CaO,2B203,6H2O) have been reported, 
but there is little evidence to support their existence. 


CaO,3B,0;,2H2O. Fine crystals with a density of 2:51+0-04 corresponding to 
Ca0O,3B203,2H2O were prepared by hydrothermally heating gowerite (CaO,3B.Os,- 
5H.O) with boric acid at temperatures between 170 and 360°C?1®°, or a mixture of 
lime and boric acid at 260°C.?°> 


CaO,3B.03,3H2O0O. Only known as the mineral volkovskite. 


CaO,3B.0;,4H2O. This compound is a stable phase in the CaO—-B2,03;—H20 system 
at 25°C*?® and at 45°C.??? It is also formed from an aqueous mixture of lime (CaO) 
and boric acid at 60°C ?°°, and occurs as a solid phase in the systems NagO—CaO- 
B,0;-H20?°° and CaO-NaCl-B2,0;—H20 ??% at 25°C at a pH of 5-5—6:5. Hydro- 
thermal treatment of meyerhofferite (2CaO,3B203,7H2O) in boric acid solution at 
85—250°C produced crystals of both the tetrahydrate and pentahydrate together with 
ginorite (2CaO,7B203,8H20).?°° 

The 1:3:4 calcium borate is also found as the mineral nobleite. 

The tetrahydrate is monoclinic?? and has a density of 2:09.21 The refractive indices 
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of the crystals have been studied 27? and the effect of heat on the crystals commented 
on.?*: 222 

The structure of the synthetic compound is classified in the structural groups as 
belonging to the ‘single-ring borates with independent polyions’ ®°, i.e. 
HO OH 5 / 

So 
B 
VS 
O O 
| | 
B B 
VRIES LING 
HO O OH] 2 


The mineral nobleite appears to have a structure which does not correspond to 
this.2” 


CaO,3B,0;,5H2O. The pentahydrate is not found as a solid phase in the CaO- 
B,03;-H20 system below 60°C but has been formed from lime and boric acid in 
aqueous media at 100°C; the ratio CaO: H3BOs is critical.2°° 

The compound may be formed in 60% yield by reacting 40 g of calcium acetate 
with 80 g of boric acid in 200 ml of water, pouring the mass of tiny needle-like 
crystals into 2 litres of water, stirring and leaving overnight.?°° Alternatively, calcium 
chloride or nitrate may be mixed with a 5:3 (by weight) mixture of borax and boric 
acid in water and left for several weeks; an amorphous material analysing as CaO,- 
3B.03,5H2O is formed.?°° A similar synthesis was described later.°°* 

The pentahydrate is also formed hydrothermally at 85—250°C from meyerhofferite 
and boric acid (see tetrahydrate, above’®°). The mineral gowerite has the formula 
CaO,3B.03,5H2O. It appears that there is no simple hydration/dehydration relation- 
ship between nobleite (CaO,3B203,4H2O) and gowerite.?7° 

Hydrolysis of the hexaborate takes place via the unstable tetraborate [B,O7]?~ and 
diborate [BO.2]~ ions. Boric acid moderates hydrolysis, whereas dilution facilitates 
it.2? The mobility of the anion in water at 25°C is the same for MgO,3B.03,7H2O, 
SrO,3B203,5H20 and CaO,3B203,5H2O, being 34 mho/cm?. The material has a 
density of 2:12 and a ‘solubility’ of 6-03 g/l. It melts at 900°C and loses its first mole 
of water at 85°C, the second at 85-110°C, the third and fourth at 230°C and the last at 
480°C. 7°? 8&3 X-Ray data, crystal form, and differential thermal analysis have been 
studied?"1 and the infra-red spectra of the compound investigated.?7? 

The structure of gowerite has been placed in the structural group of ‘chain borates 
with single rings’ °°, i.e. 


O al 
| 
ag 
vi 
Cae* vr O 3H,0 
B B 
YADdSBWAIS 
HO O OH _J2 


No structural data are available for the synthetic compound. 


2CaO,B,.0;3,H2O. This compound is prepared in admixture with pandermite from 
the dehydrated 1:1:6 or 1:1:4 compounds or a mixture of calcium oxide and boric 
acid by hydrothermal reaction at temperatures between 100-190°C.2°° Other syn- 
theses, apparently yielding uncontaminated products, are summarized as follows ?°?: 
(i) NazO,2CaO,B.O3 

(ii) 2CaO,B203 ; 

(iii) CaO + H3BOz in equal amounts }+ H,O cod 2CaO,B.03,H.2O. 

(iv) CaO,B,03,2H2O + NaOH 

(v) CaO,B203,2H20O +CaO 
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(vi) CaO+ HgBO in equal amounts 
(vii) Concentration of Ca(OH). + 
Na2O,B203 solutions at pH 12 
excluding CO, 
2CaO,B.03,H2O is also found in nature as the mineral sibirskite?"* whose X-ray data 
are identical with the synthetic compound.?°* 2° It exists as rhombic crystals with a 
density of 2:58. Its formation in the alkaline region of the CaO-B2,03;—H2O system 
was proved by X-ray analysis.°°9 The synthetic compound starts to lose water at 200°C 
and dehydration is complete at 400°C?°°; these data have been checked by a differential 
thermal analysis carried out on sibirskite.?”° 


+H,O —-$ 2Ca0,B,03,H.O. 


2CaO,3B,03,H20. Hydrothermal reactions are the best way of producing this 
compound, recognized as being identical with fabianite.2"* Inyoite in contact with 
water at 400°C for several days?? produces this compound, as do the following 
reactions ?®°: 


85~—250°C 


1:3:4 
2:3:7+HsBO3; solution ————>: 2CaO,3B.03,H2O with) 1:3:5 
(meyerhofferite) LIK 
3 753 
2 fs 8 


1:3:5+H,BO; solution > 2CaO,3B,03,H.0 with {13 

(gowerite) 4:7 (anhydrous) 
2:7:8+HsBO; solution ———> 2CaO,3B,03,H,O with 4:7 (anhydrous) 
(ginorite) 

Both the synthetic compound ?”° and the mineral ?’° are shown to belong to the order 

of sheet borates with cross-linked ‘colemanite chains’ incorporating single rings: 


O O O7}?- 
POLITE RN 
B B 
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has 
B 
én 
The infra-red spectra agree with the formula Ca[B3;05(OH)] and give evidence of 
planar BO; groups and BO, tetrahedra.?"* The crystalline structure of fabianite de- 
rived by Patterson and electron-density syntheses is shown to be monoclinic, and the 
calculated density is given as 2-788 g/cm®.°’° Indexed powder X-radiograms for 


fabianite are recorded and compared with that of the orthorhombic synthetic 
compound.°®”? 


2CaO,3B203;,5H20. Colemanite, the best known calcium borate found naturally, 
has this composition. Other 2:3 calcium borates of different hydration states form a 
distinct series: inyoite (13H2O), a synthetic compound (9H2O), meyerhofferite 
(7H2O), colemanite (SH2O), and fabianite (1H2O). Van’t Hoff’s synthesis of cole- 
manite has been repeated?’ successfully, and it was shown that inyoite could be 
transformed into colemanite by heating it with half its weight of colemanite seed 
over a period of 8 days at 100°C, 15 days at 50°C or 20 days at 20°C.1%? More recently 
a deuterated colemanite has been produced by two methods2’’: 


(1) (a) 10g anhydrous borax dissolved in 100 ml D2O at 70°C and cooled gave 
Na20,2B203,10D20. (6) 3:34 g Na,O,2B203,10H20 and 1:34 g CaSO.,2H.O 
heated and agitated in 200 g D2O at 68°C gave 2CaO,3B203,7D20 (1°13 g). 
(c) 1:13 g 2CaO,3B,03,7D20, 1:93 g NazO,2B203,10D20 and 0-12 g colemanite 
seed in 125 g D2O formed, after 56 days, with a 100% conversion, 2CaO,3B.2Os,- 
5D.0. 
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Colemanite has interesting ferroelectric and pyroelectric characteristics. A syn- 
thetic colemanite produced by controlled dehydration of a higher hydrate has a 
lower Curie temperature than the mineral.?’° Investigations have been carried out to 
study the structural alterations that take place during its paramagnetic changeover 
at the Curie temperature.?’9 It has been shown that hydrogen bonding makes an 
important contribution to the phenomenon of ferroelectric transition, which was con- 
firmed by some work on the accurate positioning of the protons in the colemanite 
structure.?°° The structure is defined as belonging to the ‘order of chain borates con- 
taining single rings’ °°, in which the unit is2®1- 2912; 

| —2n 


B 


os \ 
HO... OO 
mse pe 
B B 
bad ohne 
—O O OHI, 


The stable characteristics of colemanite may be explained by this polymeric structure, 
an explanation confirmed by the lower stability of the higher hydrates, which do not 
polymerize in the same way. Other physical studies of colemanite have included 
D.T.A.1*1, n.m.r.78?, and miscellaneous optical investigations.2°? 28+ 28° When heated, 
colemanite decrepitates violently, losing all its water at 480°C.1°! The thermal de- 
composition of 2CaO,3B203,nH2O-type calcium borates has been studied.°°° The solu- 
bility of colemanite in water is 0-18 wt.-°% B2O3 at 25°C and 0°38 wt.-°% B.Oz3 at 
100°C.112 Other work on the hydrolysis of colemanite shows that it converts very 
slowly into pandermite (4CaO,5B203,7H2O).+92 

Colemanite being a principle raw material for the production of boric acid by de- 
composition with mineral acids, the kinetics of solution have been studied in detail. 
The maximum rate of solution of colemanite is found using 0:2—5°% hydrochloric 
acid®’®; above 20°%% hydrochloric acid the rate levels out.1®® 16’ The dissolution 
curves for sulphuric acid+®® and nitric acid!®* are similar to that for hydrochloric 
acid and show that the reaction is controlled by diffusion.1®” The production of boric 
acid from colemanite is discussed in detail elsewhere. Patents exist for the production 
of boric acid from colemanite and all the mineral acids, sulphur dioxide, ammonia 
and carbon dioxide, silica and ion-exchange resins. Calcium borate solutions are 
formed directly from colemanite reacted with boric acid containing 100-240 g of 
boric acid per kg of solution.>”2 

A mixture of colemanite and portland cement in a 4:1 ratio can give many large 
crystals of the 1:1:6 calcium borate.?°° 


2CaO,3B,03,7H2O. This compound is known naturally as the mineral meyer- 
hofferite. The only recent syntheses are as an intermediate phase in the production 
of deuterated colemanite2’” (see above) and by the reaction of borax with calcium 
iodate in water at 70°C.18° 

The structure of meyerhofferite has been studied extensively in comparison with 
colemanite and inyoite, and it is generally accepted that the anion present in the 
structure is 287: 28°; 
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From the _ thermodifferential curve another worker suggests a formula 
Caz2BgO9(OH).4,5H20 as there is a rapid loss of 5 molecules of water between 170 and 
200°C followed by a slow loss of the remaining 2 molecules of water to give the 
anhydrous product at 450°C.+° 

Meyerhofferite reacts with boric acid solutions at temperatures between 85° and 
250°C to give the following calcium borate hydrates: 1:3:4 (nobleite), 1:3:5 
(gowerite), 2:3:1 (synthetic), 2:7:8 (ginorite) and 3:7:3 (synthetic).1®° 


2CaO,3B,0;3,8H,O. This hydrate was formed as a high-surface-area precipitate on 
mixing solutions of calcium chloride and borax.®®! 


2CaO,3B.03,9H2O. This is the only purely synthetic hydrate of the 2:3 calcium 
borates. It is formed as a solid phase in the CaO-B.O3;—H2O system at 45°C and 
crystallizes in the form of elongated rectangles whose refractive indices and thermo- 
grams show it to be a distinct hydrate.??? It is also formed when fragments of ulexite 
(Na0O,2CaO,5B203,16H2O) are held in water at 50°C for about a month; very good 
crystals are formed by treating ulexite with a large excess of water at 40—45°C. 259 288 
Analogously this hydrate is formed by hydrolysis of K,0,CaO,4B,03,12H.O at 
25°C 

The structure of the anion is the same as that postulated for meyerhofferite and 
inyoite, i.e. [B303(OH)s]? 7.788 


2CaO,3B,03,13H20. The highest hydrate of the series is inyoite, formed as solid 
phase in the CaO-B.03;—H20 78°, NaCl-CaO-B,0;—H.0 27° and NagO—-CaO-B,O3- 
H20?°° systems at 25°C. Whereas the pH field of formation in the former system is 
7:21-9:32, in the system with 5°% of sodium chloride added the pH of formation is 
between 8:0 and 9-65.72 Accelerated methods of formation under laboratory con- 
ditions have been studied, with particular reference to the effect of impurities.29° 291 
Inyoite is also formed from a non-crystalline 1:3:8 calcium borate hydrate in a 
potassium borate solution at room temperature.??° Alternatively a saturated solution 
of kaliborite reacts with gypsum in water to give a mixture of inyoite and hydro- 
boracite.*?? A gypsum solution treated with 250 ml of a saturated borax solution and 
allowed to stand for 9 months produces crystalline inyoite.?9? A reaction time of only 
2 weeks is needed for inyoite to form by treating ammonium magnesium borate with 
a saturated solution of calcium chloride.?? 

The solubility of inyoite in water at 25°C is 0:15%% B2O3.*%* It hydrolyses, like the 
majority of calcium borates, and after 15 days at 20°C is transformed into pander- 
mite (4CaO,5B.03,7H2O) 1°97. (see colemanite, above). The solubility in saturated 
gypsum solutions and sodium chloride solutions at 25+ 2°C has been determined; in 
the former the solubility increases to 0:21°% B.O3.4° The kinetics of solution of 
inyoite in water?1?>?23, hydrochloric acid'®>»1§” and nitric acid!®* have been in- 
vestigated (see colemanite). The dissolution of inyoite in methanol, acetic acid, citric 
acid and tartaric acid (at 25—50°C) is governed by pH and by the formation of surface 
filangx22° 

As with the 1:1:6 and 1:3:4 calcium borates an endothermic effect is shown by 
heating inyoite up to 450°C, and at 600—-700°C an exothermic effect shows a change 
of state.°* More detailed studies of isothermal dehydration 29*>"* and differential 
thermal analysis+*1 have been carried out. 

The structure of inyoite is based on the [B;03;(OH)s5]?~ ring-structure ion 2° 295 
(see 2CaO,3B203,7H2O, above). 

The solid-phase reactions of 2CaO,3B203,13H2O with sodium carbonate and 
bicarbonate have been studied?°° and concurrently the solubility of the reaction 
products.?°” The transition of non-crystalline calcium borate to inyoite has been 
studied by measurements of the boron isotopic composition.**? 


2CaO,5B203;,5H20. This borate appears in the CaO-B,03;—H2O system between 135° 
and 200° approximately (see Fig. 22). 
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2CaO,5B,03,H2O. Hydrothermal reaction of a lime and boric acid mixture 
(B:Ca=9-0) at 190°C (~ 13 atm) gives this compound, which has a density of 1-82. 
At temperatures ranging between 295 and 362°C and B:Ca=20 another form of this 
compound is reported to be formed, with d= 2-14.98 


2CaO,7B.03,8H20. This compound is also known as the mineral ginorite and can 
be formed by hydrothermal reaction of meyerhofferite (2:3:7) and boric acid at 
85—250°C, or gowerite (1:3:5) and boric acid at 170°C.18° 

From X-ray studies of ginorite?°% °°° a probable structure of the following com- 
position, containing two different polyions, was postulated °®?: 


Ca2[B,sO5(OH).4][Bs06(OH)4]2,2H2O0 


Differential thermal analysis has been carried out on this hydrate.?°? 
3CaO,4B.03,2H2O. This compound is known only as the rare mineral tyretskite. 


3CaO,7B,.03,3H2O. This compound is formed when a mixture of lime and boric 
acid at 200—-350°C or meyerhofferite and boric acid is reacted hydrothermally at 
85—250°C.1°° 


4CaO,5B.0;,7H2O. A compound closely corresponding to this formula has been 
produced by adding to a mixture of 200 ml of 0:-5N sodium hydroxide and 200 ml of 
0-5N boric acid, 100 ml of N calcium chloride at room temperature. The solid phase, 
when dried at 50°C, was found to be somewhat more soluble than the mineral pander- 
mite or priceite (4CaO,5B203,7H2O)?” and is quite likely to have been one of many 
variable-composition amorphous borates. A compound apparently identical to 
pandermite was formed as a solid phase in the CaO—B,O3—H2O system at 200-—350°C 
and by hydrothermal reaction of borax and gypsum at 125-340°C.1®° Pandermite 
can be synthesized by slow hydrolysis of ulexite (NazO,2CaO,5B203,16H.O)?°°, 
inyoite or colemanite.!%? 

The solubility of pandermite at 25°C is variously described as ‘slight’®°%, 0:049% 
B,031%4, and 0:20°%.!1? Its solubility in boric acid solution decreases, then increases, 
as the boric acid concentration increases. The heat of solution increases with increas- 
ing boric acid concentration; it is slightly negative at <38°C but becomes slightly 
positive at higher temperatures. The heat of activation at 50 and 100°C is the same in 
water or boric acid solution.®°* Details of the dehydration pattern of pandermite 
differ in two publications.°°°-® A differential thermal analysis has been carried out 
on pandermite.?°° 

The structure of pandermite has until recently been purely conjectural, but in 1966 
it was assigned to the order of ‘sheet borates’ °®*? containing double-ring anions, i.e. 
[B;0g(OH)3]*~ .°°” It has also been suggested that the compound may have the formula 
4CaO.5B.03,74H20(8CaO.10B203,15H2O); dehydration produces an intermediate 
phase: 4CaO.5B.03,34H2O0(8CaO, 10B.03,7H2O).°°? 


4CaO,5B,0;,20-21H.O. Known only as the mineral tertchite. 


Hydrated Calcium Double Borates 


Calcium Ammonium Borate 


(NH.)20,CaO,4B,03;,12H.O. This is a well characterized compound, formed if 
12 g of boric acid in 200 ml of water are treated with 17:5 ml of concentrated ammonia 
solution and 2:2 g of calcium chloride in 20 ml of water. At first an amorphous white 
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precipitate forms, which, after about 3 days, crystallizes completely. The compound 
has d25=1:650; it has a rhombic bipyramidal structure with one centre of sym- 
metry.°°® Further details of the formation of this compound, together with its 
potassium analogue and ulexite, have been reviewed, including details of crystal 
forms, densities and optical properties.21° The compound loses its ammonia and 
some water at 88°C; at 100°C 10 molecules of water are driven off, but it is not until 
429°C that the compound is completely dehydrated.°° 


Calcium Sodium Borates 


Na,O,2CaO,5B,03,10H2O. This compound is commonly found crystallizing out 
as a troublesome scale in borax refineries; it is also known as the mineral probertite. 
It may be synthesized by heating a mixture of 4:9 g of Na,O,2B.03,10H.O and 15 g 
of CaO,B.03,6H2O in 9 g of water for 8 days at 105°C.2°° Ulexite transforms to it 
when probertite seed is added to moistened ulexite and the material held at 80—100°C 
for about 4 weeks.?? 

Crystals of probertite belong to the monoclinic system and have a structural 
formula containing a double-ring anion, linked in chains®’, corresponding to 
[B;07(OH),]?~. The complete formula is therefore given as NaCa[B;07(OH),],- 
3H.O.309: 310 


Na2,0,2CaO,5B,03,16H.O. This compound is formed as triclinic needle-like 
crystals in both the NazO—CaO-B,0,-H20?°> and NaCl-CaO-B,O;-H.O ??° sys- 
tems at 25°C. The compound is identical to the mineral ulexite2°° and is prepared ina 
similar way to probertite, by keeping a mixture of 13-5 g of Na2O,2B203,10H.O and 
4-15 g of CaO,B.03,6H2O in 100 g of water for 119 days at 20°C, or 60 days at 
40°C.?°° More rapid synthesis (in 24 hr) is obtained by adding calcium chloride to a 
solution containing a B203: Na2O ratio equal to 1:7, and using a sufficient excess of 
borate to obtain a constant pH.?+ Other attempts have been made to synthesize 
ulexite.114 215,311 

As with other borates ulexite and its products of dehydration dissolve incon- 
gruently in water®’® and equilibrium is reached slowly. This probably accounts for 
some disparity in the solubilities of ulexite at 25°C, recorded as being 0:23°%% B,O31%* 
and 0-47°% B.O3.*®* The solubility and rate of dissolution of ulexite in solutions of 
hydrochloric acid ®?, nitric acid'®* and sulphuric acid have been determined.1®® The 
solubility in saturated gypsum solutions is less than in water at the same temperature, 
which gives evidence for the order of formation of ulexite and associated minerals 
under natural conditions.*® . 

Depending on the conditions, ulexite hydrolyses in a variety of ways.°1? At 
temperatures between 80 and 100°C moistened ulexite loses 6 molecules of water and 
transforms to probertite; this conversion takes 4 weeks to complete.?2 In the presence 
of more water and at temperatures between 25 and 100°C a 4:5 borate with 8-5—13 
molecules of water is formed. Hydrolysis of ulexite with 26 times its weight of water 
for some days at 40—55°C, followed by filtration of the solid and treatment with 
another 26 times its weight of water, produces good crystals of 2CaO,3B203,9H.2O.?°° 
Hydrolysis in the presence of boric acid and meyerhofferite seed at 90°C gave the 
2:3:7 borate. Hydrolysis in the presence of sodium or calcium chloride at 70°C 
produces colemanite (2CaO,3B203,5H2O) or in saturated sodium chloride solution 
at 110°C produces pandermite (4CaO,5B203,7H2O).?2 The dehydration of ulexite 
has been studied by differential thermal analysis.‘*: Solid-phase reactions between 
ulexite and sodium carbonate have been studied, together with the solubility of the 
reaction products.?°° 297 A method of production of pentaborate salts from Ulexite 
has been patented.°°° 

A review of the modern knowledge of the crystal form, density and optical proper- 
ties is of special interest.21° The X-ray pattern of ulexite is available in an indexed 
form.*?* Ulexite has peculiar fibre-optical properties which have been studied ex- 
tensively.?'* By using 71B n.m.r. techniques the boron sites in the structure have 
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been identified and the upper and lower limits of the quadruple coupling have been 
found. The data confirmed the existence of the [B;0g(OH).]®~ ion in ulexite which is 
related to the pentaborate ion*?5: 


HO OH]7 HO OH OH]3- 
SS yo aK ea 
B—O O—B B—O O—B 
Va Syiei aN Kh Pree yh ox 
O B O O B O 
tiene ihe NE pogo Dogg Dg ai Ac 
hee ~ od ae 
HO OH OH OH OH 
Pentaborate anion Ulexite anion 


This ulexite anion is also related to the [B;0;(OH).4]2”~ chains previously found in 
proberite (q.v.).°7® 


Calcium Potassium Borate 

K,0,CaO,4B,0;,12H2O. On mixing solutions of calcium chloride and potassium 
tetraborate (K20,2B203,4H2O) crystals of this compound form (via an amorphous 
precipitate) after a few hours. The essential for good crystallization is that the pH is 
kept high, by using at least double the theoretical quantity of potassium tetraborate. 
If the stoichiometric quantities of reactants are used an amorphous calcium borate is 
formed. The crystals have dz; = 1:80, and the dehydrated product has dz; =2:36. The 
solubility in water is 7:3 g/litre at 20°C. Eight molecules of water are lost after 5 days 
at 70°C; after 6 days at 100°C a further 1-5 molecules of water are lost; 18 days at 
130°C gives a product containing 1:25 molecules of water.?!”-1® Conditions for syn- 
thesis were subsequently optimized by computer technology.°** An alternative 
preparative method is to ball-mill CaO,B203,2H20 with small amounts of KOH and 
H;BO3.°°° Analogous strontium and barium borates are formed. 

Electrical conductivity determinations indicate decomposition to the tetraborate 
and further hydrolysis. The mobility of the anion in water is 38-7 mho/cm? and in 3% 
boric acid solution 13-8 mho/cm?.?° Treatment of the compound with isopropanol was 
found to extract more B2O; than did similar treatment of its dehydration products.°44 
The same workers also examined the action of water and of KCI and MgCl. solu- 


tionsse75 
Parameters corresponding to an orthorhombic cell have been calculated from 


X-ray studies.*7® 
The structure of a potassium-calcium octaborate anion has been determined from 


infra-red spectrographic data.°”” 


Calcium Rubidium and Calcium Caesium Borates 
Compounds of the general formula M20, M'0,4B20s3,12H.O have been synthesized 
where M=Rb or Cs and M!=Ca,Sr.??! 


Unsynthesized Calcium Borate Minerals 
Cryptomorphite, Naz0,3CaO,9B203,12H2O. 
Franklandite, NazO,CaO,3B203,7H.O. 
Hilgardite, 
Patabileardi fi 6CaO,9B.03,2CaOz,H2O. 
Johachidolite, 2Naz20,CaO,4Al1,03,6B203,5CaF2,5H2O. 
Heidornite, CazNa2[Cl(SO.)2B;0g(OH)o2]. 
Gaudefroyite, Mineral borate containing manganese and calcium. 
Howlite, 4CaO,5B203,2Si03,5H.2O. 
Bakerite, 8CaO,5B.03,6Si02,6H2O. 
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Other minerals containing calcium will be found in the magnesium and strontium 
sections. 


Calcium Borates containing other Anions 


Silicates 

The mineral datolite (2CaO,B203,2SiO2,H2O) has been crystallized from alkaline 
borate solutions rich in calcium and carbon dioxide having a pH of 8-0-8:°5 at 
280-350°C. (B4O7)2~ and BSi,O¢g ions occur in the solutions.?/° The formation of a 
calcite film on the surface of datolite during the production of boric acid by leaching 
sintered datolite is the cause of considerable retention of boric oxide in the slurries.°”° 
Datolite and danburite were identified products from a hydrothermal study of the 
system CaO-B,.0;-SiO2—-H.0 at 250 and 415°C.°*° The germanium analogue of dato- 
lite was found in a similar study.°*? 

Electron paramagnetic resonance data at 77 and 290 K are reported for datolite.°”° 


Arsenates 


The mineral cahnite 4CaO,B203,As205,4H2O is the only example of a hydrated 
calcium boroarsenate. It has not been synthesized. 


Borotartrates 


Borotartrates exist as well defined crystalline compounds. The following calcium 
borotartrates are known: 


Properties 
$CaO,B203,4C,H.O0s5,16H2O dos = 1:62; solubility 2°46 g/I].31° 
CaC,H30;BO2,3H20 Equilibrium constants, solubility 

products, heating curves.?” 
2(NH,)20,3CaO,B203,4C,H4O0;,10H2O a= | as So solubility 1-77 g/l a2: 


heating curve. 


The structural formulae of these tartrates may correspond to that described for 
barium borotartrate (q.v.). 


Boropentaerythritol 


The compound was prepared from boric acid, calcium chloride, ammonium hydro- 
xide and pentaerythritol.°*® The formula CaO,B203,2C;Hg02,9H2O was assigned and 
supporting infra-red absorption, crystallographic and thermodynamic data were given. 
Aqueous solubility is 0-975 g/l at 25°C and d=1-55 g/cm’. 


STRONTIUM BORATES 


Anhydrous Strontium Borates 


Three corroborated anhydrous strontium borates exist in the SrO—B2O3 system. 
These are the 1:1, 1:2 and 2:1 borates (Mellor, V, 86); whether or not the 3:1 is a 
stable solid phase of the system is doubtful. In a recent study by Witzman and 
Beulich®?? its presence was unconfirmed. The latter study was aimed at giving in- 
formation on the properties of activated strontium borates as phosphors. Other 
work comparing the luminescent properties of various unactivated anhydrous 
strontium borates*?? and those activated by manganese*?* and lead+? has been 
carried out. A portion of the SrO—B2Oz3 (see Fig. 23) system (40-100°% B2O3) has been 
studied and the phase boundaries deduced ?2°; evidence for a 1:3 borate is given. 
Crystallographic studies °2° deducing cell dimensions and space groups and differential 
thermal analysis *?? have provided evidence of structures in the anhydrous system. 

A number of anhydrous systems containing strontium have been studied in con- 
nection with glass formation and reference may be made to the section of this work 
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specifically dealing with glass. The following systems have been studied and give an 
idea of the types of systems involved: 


Li,O-SrO-B,0;; plotting of fusibility diagram.® °27 
K,O-SrO-B,0;; general glass study.??” 

BizO;-SrO-B.203; general glass study.??® 

Nd,O3-SrO-B203; study of resulting solid phases.?2° 
Ho2,03;-SrO-B203; in relation to producing phosphors.??9 
Sm,03;-SrO-B203; in relation to producing phosphors.??° 
Eu,03-SrO-B,QO3; in relation to producing phosphors.?°° 
Ln,0O3-SrO-B203; in relation to producing phosphors.??% 334 


X-Ray scattering curves of strontium borate glasses have been published.**? Strontium 
borate glasses were used in an electron spin resonance study of Mn?*.°°? The electri- 
cal conductivity of pure and ytterbium-activated strontium metaborate has been 


measured.®?® 
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Fic. 23.—Phase equilibrium diagram for a portion of the system SrO-B2Os, including 
SrO,3B20322° 


SrO,B,0,. This compound crystallizes from a molten equimolar mixture of 
strontium oxide and boric oxide, or from the melt resulting from the dehydration of 
the tetrahydrate.?1 It is isostructural with the magnesium, calcium and barium 1:1 
borates, the boron network consisting of a chain of triangularly co-ordinated boron 


atoms 233: 
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X-Ray diffraction patterns have been published for SrO,B203°%*, which has a 
fluorite structure. The electrical conductivity of strontium metaborate with anion 
excess has been studied.58? The melting point of the dehydrated product from the 
1:1:4 hydrate is 1070°C2!, slightly different from the 1100°C quoted in older 


references. 
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Three mixed systems including SrO,B203 have been studied, with the following 
conclusions”: 


(1) MgO,B.0;-—SrO,B203. Compound formation at 61 and 33 mol.-°% MgO,B2Os, 
with incongruent m.p. at 988 and 960°C, respectively, and a eutectic at 42:5 
mol.-% Mg0O,B2QOsz. 

(2) CaO,B203-—SrO,B203. No compound formation—contains series of solid solu- 
tions with a minimum at 1062°C. 

(3) BaO,B203—SrO,B,03. Phases between 38-5 and 83 mol.-°% indistinct, but eutec- 
tics occur at 38-5 and 83-5 mol.-%, at 1044 and 1072°C, respectively. 


The anhydrous metaborate has been used as a target material in preference to 
elemental strontium because of its stable cyclotron operation and radiation stability, 
even though its efficiency in producing radioactive strontium is only 35°%.2°4 


SrO,2B,03. A study of the rate of crystal growth of this compound from its melt 
showed that the maximum rate of growth was 9590 um/min at 103°C of undercool- 
ing.°®° Temperature dependence of growth rate and also the viscosity of the melt were 
later studied.°* 

Details of single-crystal growth are quoted by the author of a paper describing an 
X-ray study by single-crystal methods. The lattice is orthorhombic and the pycno- 
metric density is 3-78.°%° It is isomorphous with PbO,2B.03.%%% More recent deter- 
mination of the m.p. is not recorded (Guertler gave 930°C). 

The structure of this compound is of interest because of breakdown of the rule that 
the number of foreign cation charges is equal to the number of borons in four-fold 
co-ordination. The structure was solved by a three-dimensional Fourier synthesis and 
proved to be a three-dimensional network of BO, tetrahedra in which, unusually, 
some oxygen atoms are bonded to three borons.*°°~" The structure could be described 
as a chain of triply-charged triborate ions linked along the edges and at the apices to 
form a three-dimensional structure.®* X-ray diffraction data on this borate are 
available.%?8 

Lead-activated SrO,2B.O3 has been investigated for its luminescent properties.?°° 


SrO,3B,0;. There is some proof that this is a true compound. The pentahydrate 
dehydrates giving an anhydrous material with the formula SrO,3B2,0;3 which after 
annealing has a density of 2:78 and a melting point 925°C.?! Further evidence for the 
1:3 borate is given in a phase-diagram study %?° (Fig. 23). 


SrO,4B.0;. This compound is referred to in a study of the luminescent properties 
of lead-activated SrO,2B,03 and SrO,4B,.03°°9; it has also been studied when 
activated with samarium oxide.?*° 


2SrO,B.0;. As well as appearing as a solid phase in the SrO—-B.2O3 system, with a 
melting point of about 1130°C, this compound also crystallizes from the obscure 
Sm20;-SrO-B203 system.?°° Its structure has been investigated recently.?*1 

The 2:1 borate is a good ‘mineralizer’ and has been used as an additive to 1:1 
mixtures of SrTiO; and SrZrOs, giving very strong non-porous enamels obtained by 
treating the mix at 1150°C for some time, compressing at 500 atmospheres, and then 
heating for 3 hours at 1450°C.%42 


3SrO,B.0;. The orthoborate is a doubtful solid phase of the SrCO—B2O3 system but 
is a sufficiently well characterized borate to deduce from its infra-red spectrum that 
it has a dimeric arrangement of ions.® It has been identified, and characterized by infra- 
red spectra, as a product from the oxidation of Sr3B2N, at 700°C.°®’® Diffraction pat- 
terns are given. As with the 2:1 borate the orthoborate has a densifying effect in a 
5% addition to SrZrO 3 in enamel formation.?*° 
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Other Anhydrous Strontium Borates 


A few mixed anhydrous strontium borates have been recorded. The crystal structure 
of distrontium boro-aluminate, 2SrO,Al,03,B2,03 has been determined.®°® Sr.Mg- 
(BO3)2 has been synthesized and found to be a good host lattice for Tb®* lumi- 
nescence.®°° The rare earth system Sm2.O;-SrO-—B.O3 has been studied®*° at 1100°C and 
one of the solid phases found to be the compound Sm.03,3SrO,2B.03. Compounds 
of the general formula M203,3SrO,2B203 (where M=La, Pr, Nd, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu) have also been prepared.*3!’°*! Their infra-red spectra have been 
studied.°*! X-Ray diffraction data and space groups of praseodymium, gadolinium and 
lanthanum strontium borates have also been examined.®®! 15 Crystal structures of 
double borates of strontium with lanthanum®?!, neodymium®?? and praseodymium®+?-14 
have been determined. Solubilities and phase equilibria in the anhydrous systems 
SrO-Ln,O3—B203 have been measured (Ln = Nd®1", Ho®?”, Sm®?® and Eu.°?® In group 
IV a tin compound is formed, isostructural with dolomite?°, formulate as SnOz,SrO,- 
B.O3.° 344 Both a phosphate and an arsenate are formed, the former by heating 
strontium carbonate, diammonium phosphate and boric acid together, and the latter 
by the reaction of strontium carbonate, arsenic acid and boric acid at high temperatures. 
The arsenate is isotypical with the corresponding calcium compound. Both compounds 
melt incongruently and are stable to methyl alcohol, but decomposed by water and 
dilute acids.1?° In parallel with the other alkaline earths, strontium forms a compound 
of the formula Sr[B(SO.)z2]2, prepared by the reaction of strontium sulphate with boric 
acid and sulphur trioxide. The compound is very hygroscopic and is ionic incharacter.?+ 
Halogenoborates of the general formula 3MO,5B2.03,M Xz have also been found.?7? 


Hydrated Strontium Borates 


Compared with magnesium and calcium compounds the hydrated borates of 
strontium have had little attention, in part owing to the rarity of industrially exploit- 
able strontium borate minerals. 

A systematic investigation of the StO-B,O;—H2O system was not performed until 
Lehmann et al. studied it at 0, 30, 100 and 190°C.%#°: 4° Previous to that Gode et al. 
had outlined the NazO-SrO-B.O0;—H2O system.**” Parkerson, who has carried out a 
variety of hydrothermal syntheses of alkaline-earth borates, has also studied the 
formation of strontium borates in the following reactions **°: 


(a) Borax with strontium iodate. 

(b) Conversion reactions of strontium borates in borax/boric acid mixtures. 
(c) Ammonium pentaborate with strontium nitrate. 

(d) Ammonium pentaborate with strontium iodate. 


Debye-Scherrer X-ray patterns of various strontium borate hydrates have been 
determined.**° Infra-red spectra of aqueous strontium borates have been studied.®*? 


SrO,B,03,H2O. The monohydrate is reported to be formed from an aqueous 
solution (>10m) of strontium hydroxide and boric acid maintained at 190°C for 
some hours; it was characterized by X-ray.°*® 


SrO,B.0;,2H.O. Apart from being a dehydration product of the 1:1:4 strontium 
borate?!, no further work on this rather doubtful compound has been carried out since 
Ouvrard claimed to produce it from the action of water on anhydrous SrO,B2O3. 


SrO,B.0;,4H.O. This is the best characterized of all the hydrated strontium 
borates. It is found in the StO—-B,03;—H.O system between 0 and 100°C.°*° It is also 
formed by treating a sodium borate solution with strontium nitrate**’ or strontium 
chloride.2®°” Care must be taken to adjust the Na,O:B2O3 ratio so that the pH 
throughout the reaction is 11:4-12-0. Crystal formation takes place after about 30 
minutes at 60°C or several hours at room temperature. It is important to exclude 
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carbon dioxide from the reaction mixture. A further two methods of formation have 
also been described.?*® 

The tetrahydrate usually crystallizes in two forms, monoclinic and triclinic, with 
densities 2°56 and 2:55, respectively.27 Elsewhere the density of the product is 
variously quoted as 2:58°%*° and 2-59.71 The thermograms of both modifications are 
the same.°°° Both monoclinic and triclinic forms have been shown to have boron 
atoms tetrahedrally co-ordinated by four oxygen atoms.?°° Both forms have had their 
unit-cell dimensions determined.?°! The monoclinic is isomorphous with the corre- 
sponding barium borate, Ba[B(OH)4,]2.°*°’ 3°2-? There are eight formula units to a 
cell, and no direct linkage of B(OH). groups, each of which is co-ordinated with 
three strontium atoms. The strontium sites have been deduced from multiple-film 
Weissenberg photographs.?°* The triclinic modification has also had its structure 
deduced.?°° 

Investigations into the electrical conductivities and cryoscopic properties of the 
compound during hydrolysis by water indicate the complete breakdown to the Sr?* 
ion and boric acid.?* The solubility at 20°C is 0-014 mol SrO and 0:018 mol B2O3 per 
litre of water after 2 days, and 0-016 and 0-032 mol after 16 days.24 The compound is 
soluble in excess of strontium chloride solution, probably owing to complex for- 
mation.?°° 

After 10 days’ heating at 100°C a fine powder which does not pick up water at 
room temperature is formed; the powder corresponds to a 1:1:2 borate. Further 
heating for 1 day at 130°C produces the ‘monohydrate’ and at 180°C the remaining 
water is lost slowly.?? 


SrO,2B,0;,4H2O. No confirmation of the existence of this compound has been 
forthcoming since Ditte reported producing it by double decompositions between 
borax and strontium chloride (Mellor, V, 92). 


SrO,3B.0;,4H2.O. Until 1963 this compound was known only as the mineral 
tunnelite (q.v.) when it was synthesized together with three other hydrated strontium 
borates by studying the reaction of ammonium pentaborate with strontium chloride 
and strontium iodate.**® Other attempts have been made to synthesize tunnelite.?!4 

The crystals of tunnelite belong to the monoclinic system and are isostructural 
with nobleite (CaO,3B203,4H2O). X-Ray studies showed that structurally it con- 
sisted of sheets of borate polyions, held together by hydrogen bonding through the 
associated water molecules *°’, and Sr?* ions. Each of the metallic ions is co-ordinated 
with 10 oxygen atoms.*°® By studying the quadrupolar splitting of 11B n.m.r. sig- 
nals in a single crystal, all the boron sites were determined. Three borons were found 
to be tetrahedrally co-ordinated and 3 triangularly, and of special interest was the 
fact that the former 3 atoms were all bonded to 1 oxygen atom.*°° Thus a fused-ring 
structure was postulated with a formula best represented as Sr[BgOg(OH)2],3H2O, 
and the unit cell content roughly given by: 
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SrO,3B.03;,H,O. This has been given as the formula for para-veatchite, which is 
now regarded as 3SrO,8B203,5H2O (q.v.). 


SrO,3B,.0;,2H2O. The mineral veatchite is chemically SrO,3B,03,2H2O.°°° The 
hydrothermal reaction of strontia and boric acid or tunnelite and boric acid at 260°C 
gives a compound of the same formula as veatchite with a density of 2-77.2°° Less 
certainly, because of side reactions, it is reported as being formed by hydrothermal 
conversion of the 1:3:5 compound in a sealed vessel.**° 

The formula of veatchite belongs to the order of chain borates, but it is un- 
certain whether the anion is a single ring, [B30,(0H)2]~ or has a dimeric form, 
[Bs07(OH)6]*~.°°° 


SrO,3B,03,5H2O. This compound is found in the system SrO-B,0;—H2O within 
the temperature range 0—100°C.°*° It may also be synthesized by mixing a soluble 
strontium salt with a sodium borate solution of NazO: B2O3 ratio 2:7, in such a way 
that + of the boric oxide is left in the solution after precipitation. It takes 3 days for 
crystalline spherules of the compound (d2,;=2:18) to form from the amorphous 
precipitate. Its formation from strontium acetate and boric acid after heating a 1:6 
molar ratio mixture below the boiling point for several days is also described.?! The 
strontium analogue of ulexite (Na2O,2SrO,5B,03,16H2O) on standing in a 3°%% boric 
acid solution transforms into SrO,3B2,03,5H2O.°°? 

Hydrolysis of the compound occurs, at first with more strontium oxide dissolving 
than corresponds to a solution of SrO,3B.03; after 2-3 days the strontium oxide 
content of the water decreases (0-014 mol —> 0-005 mol) and eventually after 70 days 
the B2O3:SrO ratio is 10:0.271 The mobility of the ions in 3°% boric acid solution has 
been measured, showing no hydrolysis.?? 

The compound dehydrates in the following manner??: 


at 50° 4H.O remain 
100° 3H.O remain 
140° 2H.O remain 
200° 1H.O remains 
450° last traces lost 
925° m.p. 


Another author formed the anhydrous 1:3 compound by heating the pentahydrate 
at 820°C for several hours; in this case it was found to be stable up to 975°C, at which it 
melted.°° 

The structure of this compound has not yet been investigated, but has been 
characterized by X-ray analysis, and powder X-ray data given.?*° 


SrO,4B,0;,2H.O. This compound is found in the SrO-B,03—H2O system at 
190°C and has been characterized by X-ray analysis.**°® 

The structure suggested is Sr[Bg0:2(0H)2],H20 °°, which is postulated as belong- 
ing to the order of ‘sheet borates with mixed polyions’.®°* Later work assigns the struc- 
ture as Sr[Bg0i;(OH).,] and claims the anion to be a new radical.°”? 

The 7 and 12 hydrates of the 1:4 strontium borates have not been confirmed. 


2SrO,B,0;,5H.O. The only reference to this compound is that it is formed by the 
prolonged contact (over weeks) of the strontium analogue of ulexite (Na2,O,2SrO,- 
5B203,16H2O) with water.?° 


2SrO,3B,0;3,5H.2O, etc. This, the analogue of colemanite, was synthesized re- 
cently °4® from solutions free from foreign ions, via intermediate polyborate ions.?*° 
It has ferroelectric properties like colemanite (2CaO,3B,03,5H2O) and is isomor- 
phous with it.24® The hexahydrate (2SrO,3B203,6H2O) is reported to be formed in 
the SrO-B,0;-H2O system at 100°C. An amorphous borate corresponding to 
2SrO,3B.03,9H20, formed at 30°C, is also described.°*® The hexahydrate was 
characterized by X-ray analysis. 
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3SrO,8B.03;,5H2O. A compound corresponding to the above formula was found 
in the SrO-B,0,;—H.O system at 190°C.%4° It was suggested that this compound was 
identical with veatchite (SrO,3B203,2H2O), but the known cell volume could not 
accommodate this formula.?°® More recently it has been suggested that it was 
identical with the mineral para-veatchite (which can have some calcium substituted 
for the strontium), and an X-ray study implied a formula 


Sr3[B304(OH)2]2[Bs0g(OH)]2,2H2O (ref. 367) 


However, the author of the latter work had, in an earlier paper, proposed from 
chemical analyses a formula 4SrO,11B203,7H2O, which, if the unit cell was written 
2[(Sr,Ca)2B110:1g(0H),3H2O], agreed well with the crystal lattice parameters and the 
density of 2-685.3°° In 1968 another worker partly corroborated this latter work by an 
X-ray study, deducing that the formula of the monoclinic cell of para-veatchite was 
Sr2[B;0g(OH)]2B(OH)s3,H20 °°", i.e. 4SrO,11B203,7H20O. It is obvious that some 
confusion still exists; it does not yet seem certain that the synthetic 3:8:5 borate is 
identical with para-veatchite and the synthetic 3:8:5 borate could possibly be 
formulated as the 4:11:7 borate. As can be seen by the comparison of analytical 
values below it is very difficult to distinguish between the two alternatives chemically; 
full structural analysis would perhaps provide a solution. 


3SrO,8B,03,5H2O 4SrO, 1 1B,03,7H2O 
(theory) (theory) 
SrO 32:59 31-79% 
B20; 58:2% 53°67, 
H,O 9:3% O71, 


Hydrated Strontium Double Borates 


Strontium Sodium Borate 

The strontium analogue of ulexite, Na2,O,2SrO,5B203,16H2O, is prepared as 
needle-like crystals (d25=2:06) by mixing 20 ml of water containing 0-01 mole of 
SrCl2,6H2O with a solution of 0-015 mole of Na2O,2B,03,10H2O and 0-005 mole of 
sodium hydroxide in 80 ml of water, and allowing it to stand for a week. 2SrO,B2Os,- 
5H20 (q.v.) is formed from strontium ‘ulexite’ by standing in water for many 
weeks. In contact with a 39% boric acid solution it is transformed into SrO,3B2Os3,- 
5H.O (q.v.). Two mols of water are lost by heating at 64°C, and further loss occurs 
between 64 and 120°C until the tetrahydrate is left, which appears stable between 
120 and 150°C. The remaining water is lost in two stages: two mols at 150—-190°C and 
the last two at 250-320°C.°°? A similar composition made from borax, strontium 
nitrate and sodium hydroxide was assigned the formula NaSr[Bs06(OH).],5H20.°°° 
It dehydrated at 100-205°C and an exothermic effect at 755°C assumed to correspond 
to a structural rearrangement. 


Strontium Potassium Borate 

K.0,Sr0,4B203,14H2O is prepared in the same way as the corresponding calcium 
salt (q.v.), strontium chloride being used in place of calcium chloride. It has similar 
properties to those of the calcium salt.?? 


Strontium Rubidium and Strontium Caesium Borates 
Compounds corresponding to the formula M20,SrO,4B2,03,12H20 (M=Rb 
and/or Cs) have been synthesized.??+ 


Strontium Calcium and Strontium Magnesium Borates 
In the mineral field the following have indeterminate substitution of calcium for 
strontium and vice versa: 
Kurgantaite (Ca,Sr)2[Bs07(OH)a2] 
Strontio-hilgardite Ca,.ogSro.92[Bs;0g(OH)2Cl1] 
Strontio-borite 4(Ca,Sr)O0,2MgO,12B203,9H2O 
Strontio-ginorite (Sr,Ca)2Bi:4003,H2O 
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During a study of the simultaneous crystallization of calcium and strontium di- 
borates at 25°C, solid solutions were obtained from solutions containing an excess of 
Sr (> 50%).&** 


Strontium Borates Containing Other Anions 
Trihydroxy Glutarates 


The following three salts have been formed by the reaction of various proportions 
of strontium nitrate with boric acid and trihydroxyglutaric acid in aqueous am- 
monical medium.?7° 


2Sr0,3(NH,)20,B203,3CsH6O¢,12H20; 
3SrO,2(NH.)20,B203,3CsH6O¢, 1 6H,O A 
3SrO,B203,3CsH._Oce, 1 2H.2O. 


Thermograms of these compounds are quoted. 


Borotartrates 


A strontium borotartrate of the form SrC,H30;BO2,2H.2O has been synthesized, 
together with other alkali and alkaline-earth borotartrates. The equilibrium constants 
and solubility products of the products are given.?” 

An ammonium strontium borotartrate is also known; it has a density of 1-95 at 
25°C, a solubility of 1-83 g/l at 20°C and is formulated 2(NH,)20,3Sr0,B.2Os,- 
4C,H.0;,10H.0O.°%?° 

The structural formulae of these borotartrates are probably analogous to that 
suggested for barium borotartrates (q.v.). 


BARIUM BORATES 
Anhydrous Borates 


Guertler’s original investigation of the BaO—B2O3 system extended only between 
40 and 80 mol.-% BaO because of difficulties in crystallization (Mellor, V, 86). 
However, de Carli included the range 0-40 mol.-%% BaO, establishing the existence 
of the 1:2 and 1:4 barium borates and the possibility of a 1:3 borate.?”! Later Levin 
and McMurdie, using the quenching method of system investigation, derived a phase 
equilibrium diagram®’?, demonstrating the presence of the 1:4, 1:2, 1:1 and 3:1 
compounds with congruent melting points. The latter workers also showed that there 
is a region of liquid immiscibility extending from 1-6—-30-2 mol.-% BaO and from 
868 to above 1500°C%"? (cf. CaO-B2O3 and SrO-B.O3 systems). The range of 
immiscibility was modified by Levin later (see Fig. 242°’). The crystal-optic proper- 
ties of the anhydrous borates have been studied.??° 

By the addition of foreign ions the area of immiscibility may be reduced or re- 
moved. Ions investigated were those of alkalis and alkaline-earths, Pb?*, Cd?* and 
Al®+.? By the addition of 39% of K2O to the system it was possible to prevent two- 
layer separation, and surface tensions at various compositions could be plotted.1®* 
By using the same technique the calcium, strontium and barium borate systems were 
investigated, and the viscosity, density and electrical resistance of various melts were 
determined.* Without homogenization it was shown that the surface tension of the 
top layer of the immiscible system was the same as that of molten boric oxide. The 
surface tension rose rapidly with increasing BaO concentration in the homogeneous 
part of the system.’ The viscosity at temperatures between 850 and 950°C showed a 
maximum at about 22-23 mol.-°% BaO. The specific and equivalent conductivities 
in the alkaline-earth borate melts were in the order Ba>Sr>Ca?, and could be 
represented by the usual formula log, (specific conductivity) = —(A/T)+B; A was 
twice that for the alkali-borate glasses and increased as the BaO content increased.?"* 
A similar increase was found in the NaO—BaO-B.O3 system. 

The coefficients of expansion and deformation temperatures throughout the 
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Fic. 24.—Phase diagram of the system BaO-—B,.O3°72 


BaO-B203 system have been studied.®”° In an investigation of BaO/B.O3 mixtures 
for glass electrodes they were shown to be unsuitable above 46:9°%% BaO because of 
their hygroscopicity, and below 47%, because they gave no dependable results.*7° 
The heat of devitrification in the BaO-B,O3 system showed a minimum at 20 
mol.-’% BaO. The oxygen availability has a minimum at the same point on the com- 
posite curve.°’” X-Ray scattering curves of barium borate glasses have been com- 
pared with those of strontium borate glasses.*°2 Glass formation is possible in the 
BaO-B.O3 system if the cooling rate is high.?78 

Recent **B n.m.r. spectrum work on the BaO-B.O3 system and its crystalline 
phases shows the presence of BOz (planar) and BO, (tetrahedral) groups. At about 
33 mol.-°% BaO, dipole second moments, line widths and coupling constants all 
agreed with four co-ordinated borons throughout.?79-®! 

Various ternary and quaternary systems containing barium and boric oxides have 
been studied mainly in the search for glasses of particular properties: 
Li,.O-BaO-B.O3 d,n, chemical stability and thermal expansion determined. 

(ref. 5) 

" arose on Cooling of glasses studied. (ref. 57) 


TiO,—-BaO-B2O3 
SiO0.-BaO-B.2O3 
Si0O.—BaO-B.2O3 


Al,03-—BaO-B203 
BizO;—BaO-B.203 
Fe,0;—BaO-B,203 


Li,O-SiO.-BaO-B.O3 
(SOPbO a 50B.0;3)—PbTiO;—Ba(BO2)2—BaTiO3 
YTaO,—BaO-B,O3 
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(ref. 382) 

Immiscibility volume calc. (ref. 383) 

Extensive study—new compound 3Ba0O,3B.03,SiO2 found. 
(ref. 384) (see Fig. 25) 

System study. (ref. 586) 

Structure study, role of B?* ion in glass formation. (ref. 328) 

Studies of magnetic microcrystalline materials produced by 
crystallization of glasses in system. (refs. 385-7) 

Rate of crystal growth. (ref. 388) 

No borate crystals formed. (ref. 389) 

Phase equilibrium and crystal growth. (ref. 585) 


mt of time and temperature on devitrification studied. 
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SiO, 


anirtehy 


2BaO, SiO, 
1820 +25° 


BaO 3Ba0,B,0; 5 Ba0,B,0; BaO, 2B,03 BaO, 4B,0, B,03 
1923° 1383¢ 1105° 910° 889° 450° 


Fic. 25.—Phase diagram for the system BaO—-B2O3-SiO23** 


A—810+ 10°C F—825 + 10°C K—815+ 10°C 
B—875+5 G—980+5 L—815+10 
C—875+5 H—925+ 10 M—< 450 
D—920+ 10 I—962 + 10 


E—950 + 20 J— < 1370 


Barium borates have been extensively investigated as white pigments with fungi- 
cidal properties.°°°-? 

The solubility of copper in a 42:58 BaO: B2.O3 melt was 0:08°%; it was 0:097-0°1°% 
in a 32:68 BaO: B.Og melt.29° 

The crystallization of nickel ferrite (NiFe.O.) from barium borate fluxes has been 
studied in detail especially in the 1100—1300°C temperature range.°®?-+* 


BaO,B.O;. This compound crystallizes from the BaO—B2O3 system”! as a com- 
pound melting at 1105°C 3°4 (see Fig. 22). The formation of the compound activated 
with a small percentage of lead has been described and its properties as a phosphor 
discussed.?” 

It has been shown that there are two polymorphs of barium metaborate, of 
which only the high-temperature form has been investigated structurally.?°? A new 
low-temperature modification was made by dehydrating the recently discovered 
BaO,B203,1%H2O at 300°C.°9* The infra-red spectrum of a powder sample changes 
as the compound ages, owing probably to the degree and type of polymerization.® 
The optical properties and X-ray diffraction patterns have been recorded *", and the 
structure shown to belong to the system of non-ring chain borates, as with the 
analogous lithium and other alkaline-earth borates.??° Modifications of the structure 
have been published.*°° The compound activated with samarium shows line spectra 
characteristic of the fluorite structure.1* 

The reaction of barium metaborate with magnesium, calcium, strontium and 
cadmium metaborates gave the following indications of compound formation etc.” 
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MgO,B.203—BaO,B203 50 mole-% BaO,B.O3, compound, incong. m.p., 1010°C. 
~ 30 mole-°%% BaO,B.2Os, eutectic pt., 950°C. 
68 mole-°% BaO,B203, polymorphic transformation. 
CaO,B,.0;-BaO,B2,03 22:5 mole-°% CaO,B.03, compound, cong. m.p., 1056°C. 
42 mole-°%% CaO,B.03, compound, incong. m.p., 1060°C. 
53:5 mole-°4 CaO,B,03, compound, incong. m.p., 1080°C. 
67 mole-%% CaO,B203, compound, incong. m.p., 1074°C. 
SrO,B,03—BaO,B203 38-5 mole-°% BaO,B.2Os, eutectic pt., 1044°C. 
83 mole-% BaO,B2O3, eutectic pt., 1072°C. 
CdO,B.0;—BaO,B203 30 mole-°% BaO,B20O3, compound, incong. m.p., 870°C. 
82 mole-%% BaO,B,Oz3, compound, incong. m.p., 1000°C. 
58-5 mole-°% BaO,B203, compound, cong. m.p., 1018°C. 
17 mole-’4, BaO,B203, compound, eutectic pt., 790°C. 
70 mole-°% BaO,B203, compound, eutectic pt., 950°C. 


Barium metaborate has been patented widely as a mould-resistant pigment for 
incorporation into paints?9°-2: ®°7; a number ae articles have appeared on the sub- 
ject.°°7-° It has been used in preference to metallic barium, with a 40°% loss of efficiency 
but greater stability, in the production of radioactive barium by using it as the target in 
a cyclotron.?°4 


BaO,2B.0;. Monoclinic crystals, isomorphous with SrO,2B.,03 and PbO,2B.Os, 
crystallize from the BaO-B,O3 system*"!~? and have a melting point of. 910°C.284 
The growth rates of both BaO,2B.03 and PbO,2B.03 were measured at various de- 
grees of undercooling. The growth rate of the barium compound was found to be 
higher.®°? This anomaly was explained by proposing a chain-folding mechanism for 
crystal growth.°®” The structure has been thoroughly investigated by means of powder 
X-ray techniques**? °°9> 40°, three-dimensional Patterson and electron-density syn- 
theses°°>, and 74B n.m.r. spectrum determinations.°°° A three-dimensional lattice 
of alternating single and double rings is postulated. Each of the rings in the double 
structure has two tetrahedral boron atoms, one of which is common to both rings. 
The single rings contain only triangular boron atoms. Each single ring is linked only 
to double rings, and vice versa. The barium atoms fit into the channels of this net- 
work.*°° The compound is best represented as Ba2[Bg,O,,]. Like the 1:1 borate, the 
1:2 borate has been used as a pigment in mould-resistant paints.°°° 


BaO,4B.0;. As well as appearing as a solid phase in the BaO-B,O3 system ®71-?, 
this compound is also a primary solid phase in the BaO-SiO-B2O3 system.°®* It 
crystallizes from the melt formed by heating one part of barium carbonate with eight 
of boric acid at 1000°C.*°? When the same mixture, to which 25 mole-% of V2.0; has 
been added, is used at 1250°C, the 1:4 borate that crystallizes takes on semiconductor 
properties.*° 

The compound melts at 889°C%** (other sources quote 800°C 4°). Its density is 
2-9] .492 

X-Ray diffraction data are on record®’?’*°!, and 11B n.m.r. spectra has here pro- 
vided some knowledge of the tetrahedrally co-ordinated boron centres.2®° Further 
structural investigations *°? indicated that the structure was comparable to that of the 
1:2 borate (Ba2[BgO;,4]) in that it belongs to the order of three-dimensional borates 
with mixed anions®? and may be represented as Ba[B,O;3]. The structure of the 
glassy 1:4 borate has been studied by X-ray diffraction, which shows that each boron 
atom is tetra-co-ordinated by oxygen and the tetrahedra share edges with a distorted 
barium cube.*% 

Like the other anhydrous barium borates, the 1:4 borate has been patented as a 
mould-resistant pigment.°°° The borate activated with Eu?* is an efficient phosphor. 


3Ba0,B.0;. The orthoborate has the highest melting-point of the anhydrous 
barium borates (1383 + 5°C) and is found as a solid phase in the BaO-B.O3 system.?7? 
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Optical data and X-ray diffraction details have been obtained, and some attempt at 

determining the structure has been made by studying the infra-red spectrum.® 7° 
On adding the compound to barium zirconate refractories, their porosity is re- 

duced.*** The orthoborate has also been used as a mould-resistant pigment.3°° 


Other Binary Borates 


There are slight inflections in the melting-point curve*”! of the BaO-B2O3 system 
at points representing the 1:3 and 2:1 compositions, indicating the possibility of 
compounds with incongruent melting points. The borates 2BaO,5B203, 2BaO,B203; 
and 4BaO,B.03 have been reported.®°+ 


Anhydrous Borates Containing Barium and Other Elements 


Beryllium and Zinc. The existence of BeO,BaO,B,O; and ZnO,BaO,B.O3 is re- 
corded. On activation with lead they show an increase in ultra-violet emission, which 
increases with lead concentration.*° 


Magnesium and Calcium. Ba,Mg(BOs)2, which is hexagonal and isomorphous with 
the mineral buetschliite, and BazCa(BO3)2 have been synthesized and found to be good 
host lattices for Tb** luminescence.®? 


Silicon. A study of the BaO-SiO.—B2O3 system revealed the existence of a solid 
phase of well-defined crystalline form having the formula 3BaO,2Si0.2,3B203.°°* The 
compound has been described optically and X-ray patterns recorded. It melts at 
1009°C. 

A compound 3BaO,Si02,3B.203 is quoted as having mould-resistant properties and 
suitable as a paint pigment.??° 


Lanthanum. The X-ray diffraction data and space-group of lanthanum barium 
borate have been studied.?° 


Yttrium. The compound Y203,4Ba0,B203 is formed when a BaO-B2O3 mixture is 
used as a flux in the crystallization of yttrium ferrite.°°’ 


Titanium, Tin, Zirconium. Compounds of the general formula BaO,MOz2,B.0; 
(where M=Ti, Sn and Zr) have been prepared by sintering barium carbonate, boric 
acid and the appropriate metal oxide at temperatures in the region of 1000°C.% 344: 4° 
The tin and titanium compounds have the dolomite structure®?° and it is likely that 
the analogous zirconium compound is isomorphous. The stability of the former 
compounds has been investigated® and the zirconium compound has been suggested 
as a pigment for emulsion paints. It has a unique X-ray pattern.*°° 


Sulphur. Ba[B(SO.)2J2 has been prepared by the reaction of barium sulphate 
(1 mole) boric acid (2 moles) and sulphur trioxide (6 moles); with less boric acid the 
tri-sulphato-borate Ba[B3;0(SO,)3] is formed. These compounds are very hygro- 
scopic, colourless, and probably ionic with high-polymeric anions.*? 


Tungsten. The borotungstate of barium is produced by treating NasH.[B(W207).] 
(formed by reacting boric acid and sodium tungstate, Naz2WO,) with barium car- 
bonate. The barium salt is a good starting point for the production of other metal 
borotungstates.*°” 


Halogens. A study of the system BaF,-B2O3 and LiF—B,03—BaF2 showed that no 
ternary compounds were formed in the second system but that the following com- 
pounds existed in both systems*°®: 3BaF2,B2,03; 2BaF2,3B203; BaFe2,4B20s. 
Halogenoborates of the general formula 3MO,5B203,MX2 (M=Ba or Ca, Sr, Eu, 
Pb; X=Cl, Br) have been formed.?”° 
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The BaO-B,0O3;—-H2O system has received little attention since Sborgi investi- 
gated it*°°,* probably because there are no known barium borate minerals and 
because the anhydrous barium borates are commercially of greater interest. The 
majority of the work on hydrated barium borates has been performed in Russia, 
but recently a partial study of the BaO-B,O;-H20O system at boiling point by 
Lehmann et al. has shown the existence of a new hydrate of barium 1:1 borate, 
BaO,B2Os3,14H20.°°* Most recently, other Russian workers have identified BazBgO:,,- 
6H,O0,BaB.,07,4H2O and BaBeOi0,4H20.°% 

Good Liesegang phenomena are obtained from peptized barium borates.?°" Infra- 
red spectra of aqueous barium borates have been studied.°*? 


BaO,B.03,14H2O. If precipitation is carried out at pH 11-4 or above and with 
the B:Ba ratio 2 or less, the aqueous mixture being kept at boiling point, a new 
hydrate of this formulation is obtained. The compound dehydrates at 300°C to 
give an interesting low-temperature form of BaO,B203 in which boron atoms are 
triangularly and tetrahedrally co-ordinated.?°+ 


BaO,B.0;,4H2O. Small monoclinic crystals of this compound are obtained by 
stirring for a few hours the flaky precipitate formed by the addition of barium 
chloride to a sodium metaborate solution. In practice it is preferable to make the 
sodium metaborate solution from sodium hydroxide (de-carbonated) and borax, 
the reaction being carried out in 0:25M solution. The pH should be above 11.?!°41° 


BaCl., + Na2B.07 +2NaOH + 3H2.O = BaO,B.0,4H.2O rt NazB.O, +2NaCl. 
(0:25mM) (0:25M) (0-5M) 


c.f. calcium and strontium metaborates. If the solutions are less concentrated 
(O-1mM) the pentahydrate forms. The tetrahydrate can, however, form at higher 
temperatures at these lower concentrations.*!4 

The compound dissolves in water with slight hydrolysis, giving a BaO:B.O; 
ratio of 1:09 and a pH of 10-2. A saturated solution contains 13-5 g of the tetra- 
hydrate per litre of solution at 25°. The density of the solid is 2:88.71 

The tetrahydrate is isomorphous with the analogous strontium compound 4° 
having very similar optical constants.°°? Later determinations of the structure 
showed that the boron atoms are situated in isolated tetrahedra whose vertices are 
occupied by OH groups. The barium atoms are arranged in a face-centred trigonal 
prism and prism pairs are connected with common B(OH). tetrahedra. The average 
chemical formula is Ba[B(OH).4]2.*7? Other work on the structure has not basically 
altered the above description.*!3-14 


BaO,B.0;,5H2O. The pentahydrate is formed in the same manner as the tetra- 
hydrate (q.v.) except that it is necessary for the reactants to be more dilute and for 
the concentration of the hydroxide to be increased.*! 


BaCl., 4s Na2B,0O7 +2NaOH + 4H.O = BaO,B203,5H2O ze Na-2B.O, + 2NaCl 
(0-1M) (0-1M) (0-S5—1-0m) 


The most recent value for the density of the monoclinic double-edged prisms of 
the pentahydrate is 2-79*1°; an earlier reference?! gives a density of 2°50. 

The structure of the pentahydrate has been suggested (from various data) to be 
BaB.2(OH)203,4H20 with the presence of both triangularly and tetrahedrally co- 
ordinated boron atoms.*?® Earlier*’” and later*+>»41® evidence showed that the 
borons were all tetrahedrally co-ordinated, giving a formula closely related to that 
of the tetrahydrate, Ba[B(OH).4]2,H2O. 


* It should be noted that errors exist in the references to this system in Mellor, V, pp. 86, 87; 
Fig. 26 on p. 86 refers to the system CaO-B,O3—H20, not to BaO-B.O;-H:20O as printed. 
Further, Fig. 27 on p. 87 refers to BaO—B203—H20O, not to the system with CaO. 
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BaO,2B20;,4H2O. Fine, roundish grains of this compound have been prepared.®°® 


BaO,3B,03,xH2O. If the amorphous 1:2 hydrate is allowed to react with a 
boric acid solution an amorphous 1:3:x borate is formed slowly. This reaction 
can be speeded up by slight warming and agitation. The product obtained in this 
way has x=6 and is amorphous.?!’*?° A tetrahydrate is also known.®8 

The formation of crystalline 1:3 borates is accomplished by adding small portions 
of solid boric acid to a 10%% barium acetate solution. At room temperatures slight 
reaction occurs, producing a crystalline compound with x=5S; this is also obtained 
in preference to the tetrahydrate if the solutions are dilute.*19 By heating the mix- 
ture to 80°C and continually stirring, the tetrahydrate is formed as transparent 
hexagonal crystals.2* More recently the crystalline tetrahydrate has been formed 
by the action of barium hydroxide on concentrated boric acid solutions at high 
temperatures.*?! For a product prepared in the latter manner the density is reported 
to be 2:30, but for a product prepared by the acetate route the density is given as 
2:60. The pentahydrate has a density of 2:52, and the amorphous hexahydrate a 
density of 2:07.71 

The amorphous hexahydrate is formed from the reaction between potassium 1:2 
borate and barium chloride if the molar ratio is less than 4, or the concentration 
of the former is less than 0-2-0-3mM??; otherwise the well-defined crystalline K.O,- 
BaO,4B,03,14H2O is formed.*2? 

Both the pentahydrate and the amorphous hexahydrate dehydrate at room tem- 
perature to the tetrahydrate, which is stable up to 50°C. It then loses 2 molecules 
of water between 50 and 150°C, giving a hygroscopic compound. Further heating 
between 200 and 300°C causes the loss of another molecule of water. Heating to 
600°C is necessary before the anhydrous compound is formed.?! Thermograms of the 
tetrahydrate have been determined.°°° 

The water solubility of the 1:3 barium borates is very slight, but it is increased 
by the presence of boric acid.?° 


2BaO,3B.0;,6H.2O. This material has been prepared as an amorphous powder.°8 


Other Hydrated Binary Barium Borates 


No recent evidence for the 1:4:12, 2:3:7 or 3:5:6 borates has been recorded. 
It is unlikely that these are anything but mixtures or amorphous compounds. A 
compound for the formula Ba[B30;2(0H)2],H2O has been reported and its struc- 
ture investigated.?°° 


Hydrated Barium Borates Containing Other Elements 


Potassium. If a solution (0:3mM or more) of potassium tetraborate (K20,2B.2O3,- 
4H.O) is treated with barium chloride solution so that the molar ratio K2.B,07: BaCl. 
is greater than 5:1, rhombic platelets of K,0,BaO,4B203,14H2O are formed, en- 
couraged by seeding. If the conditions of formation indicated are not adhered to, 
the amorphous 1:3:6 borate (qg.v.) is formed. The compound hydrolyses in water 
giving the amorphous BaO,2B203,xH.O.?? The formation of this barium salt is 
comparable with that of the analogous calcium or strontium salt (g.v.). The com- 
pound has a density of 2:027 and an orthorhombic unit cell.?*® 

Barium is less prone to double-borate formation that the other alkaline earths. 
There are no ammonium barium borates.?? 


Silicon. Ready formation of barium silicates, borates and borosilicates was observed 
during a hydrothermal study of the BaO-B,03;—SiO2—H2O system at 250 and 415°C.®°° 


Tartrates. Alkaline-earth borotartrates are well defined compounds.*?* The atomic 
ratio of B:C has been shown to be 1:8.42° 5BaO,B203,4C4H,O0;,10H2O has a den- 
sity of 2:21 and a solubility in water at 25°C of 0-7 g/l. The heating curve has been 
determined. The structure of this borotartrate may be represented by Fig. 26; its 
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solubility product and equilibrium constants for its formation have been determined. 
More recently another type of borotartrate has been synthesized, formulated as 
BaC,H3;0;BO2,2H.O.?" 


Fic. 26.—Proposed structure for barium borotartrate 


Glutarate. A compound of the composition 3BaO,B203,3CsHg0.¢,5H20, having 
a density of 1-375 and a solubility of 3:95 g/l has been formed. Analogous strontium 
and cadmium compounds have also been found.*2° 


Mucate. The extreme insolubility of barium boro-mucate permits the precipita- 
tion of very small concentrations of boron from solution (0-005-—0-01°%% B) provided 
that SO2- and Mg?* are not present. Alkaline, alkaline-earth, and halide ions do 
not interfere. The procedure is to add a solution of mucic acid containing ammonia 
and ammonium chloride (or sodium hydroxide), to which barium chloride has been 
added, to the borate solution in question; the boron is then precipitated.*2” 


ZINC BORATES 


Anhydrous Zinc Borates 


Anhydrous zinc borates have been fairly extensively investigated in conjunction 
with their commercial uses as luminescent materials, sealing glasses and catalysts. 

Studies of the simple ZnO-B.O3 system have been somewhat contradictory in 
their conclusions, the solid phases reported varying according to the investigator. 
As will be seen below, even the 1:1 borate which seemed to have been well substan- 
tiated is now doubtful, the well-defined 4:3 borate [Zn,O(BOz2).] having taken its 
place. Solid phases identified by various investigators are as follows: 


(a) ZnO,B.03, 2ZnO,B.O3 (ref. 371); 

(b) ZnO,B20s, ZnO,3B20s3, 3ZnO,B203 (ref. 428); 

(c) ZnO,B20s3, ZnO,2B20s3, 3ZnO,B203 (ref. 429); 

(d) 4Zn0,3B,.03, ZnO,2B.03, 3ZnO,B2O3 (ref. 430); 

(e) a-ZnO,B2O3, B-ZnO,B2O3, «-5ZnO,2B203, B-5ZnO,2B2Oz3 (ref. 432); 

(f) a«-3ZnO,B203, ZnO,2B203, 4ZnO,3B2Oz3 (ref. 600). 
The orthoborate (3ZnO,B203) seemed to be a well-defined compound until it was 
suggested *°? that it might be a 5:2 borate, which was shown to have an area of exis- 
tence in the ZnO-B2O0,-SiO2z system **? (see Figs 27 and 28). Both the 1:3 and 1:2 
borates appear to have incongruent melting-points, but the latter is probably better 
substantiated. Other anhydrous compounds described are the 2:3 and 3:2 zinc 
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Fic. 27.—Phase diagram for the system ZnO-B203*°? 
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Fic. 28.—Phase diagram for the system ZnO-B.O;-SiO.**! 


borates. The former has not been referred to since 1937+4°? but the latter has been 
well investigated and was more recently proved *** to be a mixture of the 3:1 and 
1:1 borates: 

As with CaO-B.,O;3, SrO-B.O3 and BaO-B2O3 systems the ZnO-B2O3 system 
also separates into two liquid layers over a range variously described as 3-48% 
ZnO above 990°C 428 and 0-53% ZnO.*%> The surface tensions of ZnO-B,O3 melts 
at 800-1000°C have been investigated by the author of the last reference, with 
the confirmation that the upper layer of the two-layer system is almost pure boric 
oxide; the densities are also recorded. By the addition of various oxides (of an alkali 
or alkaline earth, or of lead, cadmium or aluminium) in small proportions to the 
system the two phases were homogenized. The homogenizing action increases as 
the ionic radius of the added cation decreases.” The addition of 5% or more of silica 
to the system prevents devitrification.*2® The oxygen availability of the system, 
plotted against composition, showed a minimum which corresponds with some of 
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the anomalous physical properties of this system. This minimum is absent after the 
addition of homogenizing quantities of potassium or lead oxide; this fact probably 
gives some clue to the reason for formation of the heterogeneous area. 

The formation of an anhydrous borate by heating a precipitated hydrated borate 
at above 800°C has been patented.°°° 

The percentage of tetra-coordinated borons in the glassy structure of the ZnO- 
B.O3 system has been determined by ?4B n.m.r. measurements.?°! The specific 
conductivity of glasses in the system conforms to the formula 

In (sp. cond.) = —(A/T)+B 

where A is approximately twice as large for zinc (cf. barium borates) as for alkali 
glasses and B is a constant.°"* Molar volumes and molar refractivities of ZnO- 
B.2O3 glasses have been determined.**” The coefficient of expansion and deformation 
temperatures were plotted against composition in the binary system ZnO-B,O3.?7° 

Ternary systems containing zinc and boric oxides have been studied: 


System Comments References 
CaO-ZnO-B.O3 No ternary phases at 850°C. 396 
Li,gO-—ZnO-B.03 Density, chemical stability and thermal 5 

expansion of glasses determined. 
ZnO-B2,0;-SiOz Existence of 1:1 and 5:2 borates. 431 
With >5°% SiOzg, no devitrification. 436 
Suitable as sealing glasses. 438, 439 
ZnO-PbO-B.0; Very satisfactory solder glasses. S15 
Various Pb, Zn borates formed as solid 
phases. 440 
Structure of crystalline phases in system 
and effect of adding TiO, recorded. 441 
Decrease in volume resistivity and activa- 
tion energy as crystallization proceeds. 482 
Application of differential thermal analysis 
to phase changes. 439 
Melts produced and tempered under 
different conditions. 443 
ZnO-Bi,O3;—B.03 Very high refractive indices and dielectric 
constants. 328 


Zinc borates non-activated or activated by traces of other metals (e.g. manganese) 
have been thoroughly investigated. Only brief mention will be given here of the 
phosphor role of zinc borates. Very pure zinc borate phosphors have been produced 
from zinc sulphide oxidized, by filtered air, to the oxide and then reacted with boric 
oxide. It is reported that purity is necessary for good luminescence.*** The fluores- 
cence intensity of manganese-activated zinc borate phosphors decreases with increas- 
ing temperature; the reasons for this have been discussed**°, and the relationship 
between manganese content and intensity of fluorescence has also been considered.**° 
Other methods of zinc borate phosphor formation are variously described **7~°° 
and the properties of the phosphors discussed.**® 491-4 

Zinc borates have an accelerating effect on reactions involving iron—copper 
catalyst used for the synthesis of gasoline from carbon monoxide and hydrogen.*°? 
They are also suitable condensing agents in aniline/formaldehyde resin formation.**? 
Various other catalytic effects will be found in sections below on individual zinc 
borates. 

A review of the war-time and commercial applications of zinc borates may be 
usefully referred to.°°? 


ZnO,B2,03. This compound should be considered in conjunction with the recently 
identified 4:3 zinc borate. Both are called the metaborate. It is possible that the 1:1 
borate referred to below is an impure form of the 4:3 borate. 

The 1:1 borate was reported as a solid phase in the ZnO-—B.2O3 system. Early 
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work indicated that there was a maximum in the cooling curve at 900°C.®7! Later 
workers gave melting points of 1050°C*?° and 1000°C.*2° As part of a study of the 
PbO-—ZnO-B,O; system, the ZnO-B2O; system was investigated in 195649? (see 
Fig. 27) and the existence of «- and 8-forms of ZnO,B.O; confirmed in 1966.44° More 
recently it has been suggested that the superposition of the patterns of ZnO,2B,03 and 
a-3ZnO,B2O03 accounts for the pattern of a-ZnO,B203.°°° An area of existence in the 
ZnO-B,2O;-SiOz system for the 1:1 borate is delineated**! (see Fig. 28). X-Ray 
diffraction studies have been carried out by a number of workers*?® 42°: 455, and the 
pattern recorded in the ASTM manual.*°® Other physical studies of the compound 
have been a differential thermal analysis*?°, a study of the 14B n.m.r. spectra of both 
crystalline and vitreous metaborates*®’, and surface tension measurements ona 1:1 melt 
at its melting temperature.*°° 

On cooling the molten compound from 1000°C two layers form, one of which 
analyses at 3ZnO,2B203.*°° If the 3:1 borate (orthoborate) is heated it decomposes at 
900°C to give solid ZnO,B2O3 and a liquid containing 2°% of ZnO.*2® A manganese- 
activated phosphor with green luminescence is produced by heating equivalent propor- 
tions of zinc and boric oxides with 5°% of MnSO, at 850°C for 15 minutes. If the 
temperature used is 780°C some 3:1 borate is formed, regardless of the composition, 
which converts to the metaborate at higher temperatures.*#* A review of 1:1 (Mn) and 
3:1 (Mn) zinc borate phosphors has been published.*®° Recently experiments have 
been carried out on the luminescent properties of some rare-earth ions partially substi- 
tuted for zinc in zinc metaborate, e.g. in Ndo.o2Nao.02ZNo.9¢B2O.4. The glasses so formed 
have high optical perfection.**! 


47ZnO,3B,03. Devitrification of melts containing 50-61°% of zinc oxide in the 
ZnO-B2O03 system yields cubic crystals of the 4:3 zinc borate.*®? The temperature 
of devitrification is 850°C **9 and the crystals show a green fluorescence.**® These 
crystals have been closely studied; chemically they contain 61°% of ZnO and 39:09°%% 
of B2O3 (theoretical ZnO 60-93, B2O3 39-07°%) 4%, have a density of 1-20774%* and 
have been analysed by X-ray **® *®°-°, infra-red *®°, and n.m.r. techniques.*®” As a 
result of these studies, it has been shown to have an anion similar to the (Al3Si3;0,2)?~ 
ion of sodalite (ultramarine).*®? Further to this, the boron atoms are situated at the 
vertices of a Fedorow’s truncated octahedron, each co-ordinated to four oxygens 
and linked to form a three-dimensional structure.*®’ Single-crystal X-ray work 
showed that the zinc atom is situated at the centre of a tetrahedron whose vertices 
are occupied by three.oxygen atoms of the metaborate anions and one free oxygen.*®® 
On the basis of an infra-red spectral investigation this invariable four-coordination 
of boron is changed by fusion of the crystals.*°® The structure has been given the 
empirical formula Zn4zO(BOz2).. An alternative method of formation is by the thermal 
decomposition of ZnO,2B.03.°°° 


ZnO,2B,03. The 1:2 zinc borate has been found in two studies of the ZnO-B.O; 
system.*?9: 43° It may also be prepared in a pure state by the action of heat on the 
ammine borate [Zn(NH3)3H20]B:07,6H20; both ammonia and water are easily 
lost, leaving the zinc borate.*°® If the compound is heated above 900°C it dissociates 
into the 1:1 zinc borate and boric oxide.*29 X-Ray powder diffraction data are 
recorded by the latter authors. By annealing the borate with a slight excess of boric 
oxide, single crystals were obtained; these were used to study the crystal structure 5*°, 
in particular the cell dimensions of the compound, which belongs to the orthorhom- 
bic system.°8? The compound decomposes to 4ZnO,3B.03 and boric oxide upon 
heating.°°° The use of this compound has been patented as a constituent which retains 
its fluorescent properties in a glass batch.*°° The cathodic luminescence of the mangan- 
ese-activated 1:2 borate has been studied at various temperatures.*°° This borate is also 
described as a catalyst in the esterification of terephthalic acid with butyl alcohol.*”° 


ZnO,3B,03. In an investigation of the ZnO-B.O3; system by means of heating 
curves a solid phase was identified by X-ray diffraction studies which was chemically 


Refs. p. 583 


576 Boron 


ZnO,3B.03. It had an incongruent melting-point, decomposing at 900°C to give 
the 1:1 borate and boric oxide containing 2% of ZnO.*?8 


2ZnO,B.03. Early work on the ZnO-B.O3 system reported two maxima in the 
phase diagram, both at 900°C, corresponding to the 1:1 and 2:1 borates.?71 Later 
the 2:1 and 3:2 borates were identified as the only compounds formed, in an 
investigation which involved heating boric oxide and zinc oxide together in various 
proportions and devitrifying at 850—-900°C for 3 hours. The activating of the com- 
pound by the light from an iron arc showed a short-duration yellow afterglow.*”! 
Further work showed that excitation occurred with light at 2537 A and cathode 
rays.**® Glasses with a 2:1 zinc borate formulation activated with manganese gave 
orange luminescence.**% 472 


2ZnO0,3B203. Only two references are found concerning this compound, one 
stating that a crystalline compound activated with manganese is more phosphores- 
cent than the glassy equivalent*’*, and the other defining the effect of other ions 
on the crystallization of the 2:3 borate.*2? Group Ia oxides appeared to increase 
the crystallization, Group II oxides to slightly decrease it, and many other oxides 
from higher groups to markedly decrease the crystallization. Lead seemed to have 
no effect. 


3ZnO,B.O3 and 5ZnO,2B,03. Monoclinic crystals of the orthoborate are obtained 
from the ZnO-B2O3 system.*2%: 43° 6°° Jt is formed by calcining a 3:1 molar ratio of 
zinc oxide and boric oxide at 1000°C for an hour or by heating an equimolar mix- 
ture of the oxides at 780°C; a higher temperature causes its subsequent conversion 
into the expected 1:1 borate.*** Good crystals of the orthoborate have recently 
been isolated, the density of which was found to be 4:11. The infra-red spectrum 
showed that all boron atoms were in threefold co-ordination.*7* The (BO3)°~ 
triangles share a common vertex with (ZnO,)®~ tetrahedra. The tetrahedra form 
ribbons of interconnected units.*7° 

A review of manganese-activated zinc orthoborates has been published*®°, and 
a later patent describes its use in place of Zn2SiO, for television picture-tube coat- 
ings.*’° It has also been patented as a catalyst in the formation of a polymer (mol) 
wt. ~ 20,000) derived from dimethyl terephthalate, dimethyl-2:5-furanedicarboxy- 
late and ethylene glycol.*”” It is also recommended as a catalyst for a similar poly- 
merization giving the polymer an improved affinity for dyes.*7® 

It has been suggested that the 5:2 compound, which has been identified as a 
solid phase in the ZnO-B2O3-SiO2 system**?, is possibly the orthoborate (see Fig. 
27).432 


3ZnO,2B,0;. Although the existence of this compound was suggested by a unique 
X-ray diffraction pattern*”’, later workers have proved that it is almost certainly 
a mixture of the 3:1 and 1:1 borates. Claims for its existence have probably been 
based on the fact that equivalent proportions of zinc and boric oxides, when heated 
to 1000°C, always separate into two layers, one of which has a ZnO:B.O3 ratio 
re) OR eV Se 

The mixture has found use as a fluorescent composition (with violet phosphores- 
cence) *71"°53, as a catalyst in the polymerization of dimethyl terephthalate and 
ethylene glycol*”®, and as a condensing agent for phenolic resins.*®° 


Anhydrous Borates Containing Zinc and Other Elements 
Lithium. If zinc oxide is heated with excess of lithium metaborate, Li,O,2ZnO,- 
B.Oz3 crystallizes. The crystal structure has been determined, the compound has 
been studied by differential thermal analysis. Isostructural compounds in which 
zinc is replaced by cobalt or manganese have been formed.*®! 


Calcium. Equilibria in the system CaO-ZnO-B.2O3 were investigated at 850°C but 
no ternary phases were found.°% 
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Lead. Compounds of the type PbO,2ZnO,B2.03, 2PbO,ZnO,B.03 and 4PbO,- 
2ZnO,5B203 have been isolated from the PbO—-ZnO-B.O3 system by melting the 
constituents in differing proportions and annealing under various conditions. 
X-Ray studies were made of these compounds.**° As the system crystallized, the 
volume resistivity and activation energy of electrical conduction decreased. In the 
system PbF2-ZnO-B.Osz these factors increased during crystallization, but at higher 
temperatures the oxyfluoride crystals transformed into PbO,2ZnO,B2O;3 and the 
variables decreased.*®? 


Phosphate. The preparation of zinc borophosphate glasses has been recorded.*2? 


Sulphate. The compound Zn[B(SO,)2]2 is formed by reaction of zinc sulphate and 
boric acid with sulphur trioxide. It is colourless, hygroscopic and ionic in structure 
with a large polymeric anion.?4 


Chloride. A compound of the same structure as boracite is formed in the usual 
manner (v. Boracite) by heating zinc chloride, zinc oxide, and boric oxide at a 
temperature above 300°C in a closed container, together with a gaseous-phase 
carrier (H20, HX, Oz, or Xz, where X = halogen).*° The structure of this compound 
is Zn3[B7O;3]Cl and it is classified in the same group as the 4:3 borate, Zn4[BgO12]O, 
a three-dimensional lattice borate °°°: (see 8-boracite in magnesium borate section). 


Hydrated Zinc Borates 


The formation of well-characterized hydrated zinc borates at normal tempera- 
tures is resisted, only two borates (2ZnO,3B203,7H2O and 2ZnO,3B.03,74H2O) 
being formed in a crystalline form at 20°C*®* and 2ZnO,3B203,34H2O above 
70°C.21 A number of hydrated zinc borates are formed under hydrothermal condi- 
tions. More complex borates containing ammonium or potassium ions are formed 
with comparative ease. The presence of excess ammonia and boric acid during 
precipitation is recommended when zinc borate from a zinc sulphate solution is 
used as an intermediate in the production of anhydrous zinc borate by heating the 
precipitate above 800°C.°°° The precipitation of amorphous zinc borates in relation 
to the pH of the reaction mixture has been studied at room temperatures *®°; earlier 
work indicated that borate precipitation occurred at the same pH as formation of 
the hydroxides.°° Some evidence has been found for pentaborate formation in 
solution.*°° 

Zinc borates have been used as insecticides or anti-cryptogamics*®’-§, and as 
' brighteners to lead/zinc chromate pigments.*®® They have also been precipitated 
from Chile saltpetre solutions to remove traces of borate found therein.*9° The 
properties and uses of zinc borates have been reviewed.*%! 

Sols may be formed essentially consisting of zinc borate; the change in viscosity 
with time in such sols has been studied in some detail.*9 


ZnO,B,0;,H20O. When 0-15N borax solution is added to an equal volume of 
0-1N zinc nitrate, an amorphous precipitate is formed which crystallizes after 24 
hours. Its solubility product is 5:56 x 1071? and its solubility in 0-5N boric acid is 
270 times the solubility in water. This observation, together with an instability 
constant of 1:61 x 10~ 17, suggests complex formation represented by the following 
equation *°3: 

Zn(BOz)2 Be 2H3BO3 = He [Zn(BOz).] sh 2H.O. 


2ZnO,3B,0;3,3°5H20. The production of this hydrate of the 2:3 zinc borates has 
been patented.°°: 423 It is formed by a method similar to that employed for the 74 
hydrate (see below and ref. 21), except that higher temperatures are used (> 70°C). 
Alternatively it is produced by adding slowly a mixture of powdered zinc oxide 
and boric acid to a boric acid solution at a temperature above 70°C. A similar 
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product has been obtained by reaction of zinc hydroxide with boric acid or meta- 
boric acid at 100—260°C.%°2 The compound has a distinct X-ray powder pattern, 
the crystals being irregular and diamond-shaped??? with a density of 2:69.?°° 

The water of hydration is completely retained up to 260°C. The compound 
hydrolyses very slowly in cold water, the degree of hydrolysis increasing slightly 
with rise in temperature to yield eventually a solution containing 1°% of B.O3.?°° 

It has been quoted specifically in a patent°** as an effective fire retardant for 
chlorinated polyesters. 
2ZnO,3B.03,7H2O (74H2O). A recent investigation of the ZnO-B.,O3;—H.O sys- 
tem at 20°C *®* suggests that the only solid phases present in the system are 2ZnO,- 
3B2.03,7H2O and 2Zn0,3B203,74H20. These two compounds have the same X-ray 
powder diagram and infra-red spectrum but appear to have distinct formulae. A 
heptahydrate is supported by the formula Zn[B303(OH);]H2O assigned to the ortho- 
rhombic crystal, which consists of isolated Bs;03;(0H)2~ anions.°?? 

A patent exists*®°° for the production of the heptahydrate by reaction of zinc 
sulphate with borax and later addition of zinc oxide or a mixture of sodium hydroxide 
and zinc sulphate. The reaction is carried out at room temperature and with a 
borax concentration above the solubility of borax at ambient temperatures. The 
overall ratio of ZnO: B.O3 is somewhat greater than 2:3. 

By heating zinc sulphate with borax and boric acid in the ratio borax: ZnSO,: 
boric acid=1:1:10, an initial flaky-white precipitate forms, which alters in time 
to give needle-shaped crystals of 2ZnO,3B,03,74H2O. The factors which increase 
the rate of crystallization are heat, agitation and excess boric acid.?! The latter 
factor controls the pH during the crystallization and is most important.*9° The same 
product is obtained by reacting boric acid with zinc sulphate and ammonium hydroxide 
solution and drying the precipitate at 100-110°C.°°®” The density of the product is 2:44 
and its dehydrates on heating between 120° and 170°C, when 6 molecules of water are 
lost; the remainder is lost slowly on heating to 400°C to give the anhydrous product 
(density 2:88). Hydrolysis is slow at room temperature. 

The heptahydrate has been suggested for flameproofing of fabrics.*%4 


3ZnO,5B203,14H2O. The reaction of zinc acetate in the following way produces 
a compound of the above composition *%°: 


3Zn(OAc)2 + nH3BO3 + 2H20 = 3ZnO,5B203,14H20 + 6AcOH + (n— 10)H3BOsz. 


The compound is slightly soluble in water, with hydrolysis, but does not hydrolyse 
in dilute boric acid solutions. It dissolves to the extent of 0-83 g/l at 25°C in 3% 
boric acid and 1-68 g/l in 5°%% boric acid. It loses 1H2O at 60°C, 11H.2O between 70° 
and 120°C, and 2H,O slowly up to 300°C. 


Other Hydrated Binary Borates 


The compounds ZnO,5B203,4:5H20; 2Zn0O,3B203,3H20; 6ZnO,5B203,3H2O; 
are formed hydrothermally.*%* 


Hydrated Zinc Borate Containing Other Elements 


Potassium. By mixing zinc sulphate with potassium tetraborate (K20,2B203,4H2O) 
in the molar ratio 1:3-5 (thus maintaining a pH of 8-5 for the crystallization) the 
amorphous compound K,0,2Zn0,5B,03,10H2O is formed initially; on standing 
for 3-4 days this crystallizes into the 16 hydrate. The compound has a density of 
2:31 and is very slow to hydrolyse. Differential thermal analysis has been carried 
out on this hydrate.*99 


Tartrate. A crystalline zinc borotartrate is precipitated if a solution of boric acid 
(0-1 mole), tartaric acid (0-16—0-32 mole) and potassium hydroxide (0-133 mole) in 
200 ml of water is treated with 0-01 mole of zinc sulphate. The pH is maintained 
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at 7-8 (or greater than 11) by the addition of potassium acetate and acetic acid (or 
potassium acetate and hydroxide) buffers. The compound corresponds to the 
formula 3ZnO,B203,2C,H4O0;,3H2O. It has a density of 2:04 and a solubility of 
3:7 g/l at 18°C. Water of crystallization is lost at 230-284°C and the organic radical 
ignites between 413° and 625°C.°°° 


Ammonium. As well as 4ZnO,2B203,4NH3,6H2O (Mellor, V, p. 10) the compound 
(NH,)20,Zn0,6B2,03,10H20O may be crystallized in 1-2 days from a mixture of 
ammonium tetraborate, boric acid and zinc sulphate in aqueous solution at 40°C.*97 
Its crystals are triclinic, and its optical properties are recorded. An isomorphous 
potassium-cadmium compound is also formed. Both compounds lose their water 
of crystallization between 70° and 300°C and slowly hydrolyse in water (but not in 
dilute boric acid). The density of the ammonium zinc borate is 1-90.49” 

Another ammonium zinc borate, probably isomorphous with K2,0,2Zn0,5B.0s3,- 
10H,2O and of analogous formula ((NH,4)20,2ZnO,5B2,03,10H2O) has been pre- 
pared; its density is 2:29.+98 

A zinc ammine borate, [Zn(NH3)3H20]B,07,6H2O, has been prepared, and in a 
similar manner the cadmium analogue. Its general properties and thermal stability 
are reported. It is suggested as a good starting material for the formation of the 
anhydrous 1:2 zinc borate by heating it to drive off both ammonia and water.*®® 

Another borate containing the ammonium radical and zinc has been formed, but 
in this case the structure is further complicated by the addition of mucate radicals. 
It is prepared by adding a boric acid and mucic acid mixture (in a 1:1 or 1:2 ratio) 
to a zinc nitrate solution containing ammonia. The compound (NH,).0,3ZnO,- 
B203,2CgHsO7,5H2O crystallizes from the reaction mixture. It has a solubility 
of 5:17 g/l. Its dehydration and de-ammination have been studied.°°? 


CADMIUM BORATES 


Anhydrous Cadmium Borates 


Virtually all the interest in anhydrous cadmium borates has arisen from their 
fluorescent properties. As with most borate systems of Group Ila and IIb elements, 
_two liquid phases are found at temperatures above the liquidus, which can be 
homogenized by the addition of other oxides or further cadmium ions.? The solid 
phases obtained from the system are the 3:1, 2:1, and 2:3 borates. These have 
been identified in the system using techniques of high-temperature microscopy 
combined with X-ray data and D.T.A.®°°? The authors of this work state that they 
could not obtain the 3:2 compound which other workers had isolated in previous 
investigations (see Fig. 29).°°:°"5 Earlier investigations also suggested the existence 
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Fic. 29.—Phase diagram of system CdO-—B203°7° 
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of the 1:1 borate in the system°°*-> but it seems not to be a stable phase. Quite 
recently the 1:2 borate has been characterized.°°® Physical properties of the an- 
hydrous borates have been generally discussed.°°” 

The polarographic behaviour of cadmium oxide dissolved in sodium tetraborate 
at 820°C agreed with the equation iz=kN, as does the behaviour of many other 
oxides in molten borax; N is the molar fraction of CdO.*%* The refractive indices 
and specific gravities of simple CdO-B.2Oz glasses have been determined *®” and the 
X-ray scattering curves of the glasses shown to be very similar to strontium and 
barium borate and barium borosilicate glasses.?°2 

The formation of cadmium borate phosphors together with other phosphorescent 
borates, has been described.1® Heat treatment of mixtures of cadmium carbonate and 
ammonium biborate ((NH,4)20,2B203,4H2O) produces cadmium borate phos- 
phors.°°® The fluorescence of cadmium borates related to various activating wave- 
lengths, has been investigated°°9-11, and applied to the formation of fluorescent 
screens.°'!~!2 The effect of temperature on the intensity and frequency of emission 
spectra has been well studied. **>°'%-1® The addition of fractional percentages of 
manganese activates the intensity of the phosphorescence. Some of these activated 
phosphors glow red and have been used to correct the colour of mercury-discharge 
fluorescent lights.°*’ The addition of silica to activated borates has been studied by 
its effect on after-glow.°*® The quantum efficiency of manganese activated cadmium 
borates has been determined.°'? An appreciable amount of work has also been 
carried out on the fluorescent properties of mixtures of cadmium borates with zinc 
borate*°?, magnesium tungstate and zinc silicate®?°-5?1, calcium halophospho- 
arsenate, or arsenate°?? and calcium tungstate, etc.*7® 

The fusibility diagram of the LizOQ-CdO-B.O3 system has been described and 
the principal properties of the glasses determined.® The reactions in the system 
CdO-Gaz0;-B203 have been studied by using D.T.A., microstructural density, 
microhardness and conductivity measurements.°°! 


CdO,B.O3. Fragments of a crystalline metaborate have been identified.5°* An 
investigation of the CdO-B2O3 system resulted in the reported formation of the 
1:1 compound as a crystalline phase, m.p. 875+ 5°C°°>:523, but it appears not to 
be an easily formed solid phase in the system, as later workers were unable to 
obtain it.°° 

Solid-phase reactions have been studied between anhydrous zinc and cadmium 
metaborates by heating in close contact discs of each material and studying the type 
of fluorescence in each surface after the treatment, thus showing the direction of 
diffusion.*°* Studies of the reaction of cadmium metaborate with magnesium, cal- 
cium and barium metaborates at high temperatures resulted in the formation of 
various compounds’; the composition and melting points of these are given in 
sections above on the various alkaline-earth borates. 

Manganese-activated metaborate shows only a green cathodoluminescence.**? 
Photoconduction currents are reported both for the manganese-activated and un- 
activated cadmium 1:1 borate.®?° The quantum output has been studied.5?° 


CdO,2B203. Quite recent work has resulted in the formation of this compound 
and X-ray diffraction data have been recorded.°°® Further crystal studies enabled a 
three-dimensional Fourier analysis to be made showing the structure to consist of 
two interlocking networks built up from a single type of borate unit composed of 
four borate polyhedra. Half of the boron atoms are tetra-co-ordinated and each 
cadmium ion is surrounded by four oxygens in a distorted tetrahedron.®28 


2CdO,B.0;. This compound, which has been formed as a solid phase in three 
investigations of the CdO—B2O3 system °°? 593-595, has a melting point of 980°C.523 
X-Ray powder diffraction data have been collected.5°° Crystals of 2CdO,B203 form 
easily from the CdO-LazO3—B203 system.®?° 

Manganese-activated phosphors of this composition have an orange lumines- 
cence 5°5:53° and a maximum emission at 6150 A.5*1 It has been shown that the 
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orange emission consists of three components.°?? The intensity of emission de- 
creases steadily below — 100°C but remains steady above this temperature, when 
uSing an activated quartz heavy-vapour lamp.°?? It shows thermoluminescence after 
excitation with ultra-violet irradiation of wavelengths between 2480 and 3120 A.592 

The effect of silica on decay characteristics of this phosphor °** and the afterglow 
effect by the addition of bismuth have been investigated.°*> Studies of intrinsic 
efficiency °°®-", absorption coefficient °?” and quantum yield®?*-” of cadmium meta- 
borate phosphors have been carried out. A general discussion of dissipation processes 
may be referred to.°?? More work seems to have been performed on this cadmium 
borate phosphor than on the others described here; it has in fact been described as 
a ‘common phosphor’.°?% 


2CdO,3B,03. In all the recent studies of the CdO-B.O3 system, this compound 
is found ®°2-5- 591 and may be regarded as the easiest to obtain. Very little work has 
been done on its use as a phosphor. It does, however, show a green cathodolumines- 
cence when activated with manganese.°°> Its melting point is 980°C.52° 


3CdO,B,O03. This compound is also a well substantiated solid phase of the CdO- 
B2O3 system °°?-?: 5° and like the 2:3 phosphor shows green cathodoluminescence.®°® 
Its use as a luminous pigment has been suggested.°*° Some attempt to determine its 
structure has been made by study of the infra-red spectrum of the crystalline com- 
pound.”? It has a melting point of 1020°C.5?° 


3CdO,2B.03. One investigator obtained this compound as a solid phase of the 
CdO-B.O3 system®°? but a subsequent worker could not prepare it.°°? Like the 
2:1 borate it fluoresces orange when activated with cathode rays.°°? 

The melting point is 1005°C.°?° 


Anhydrous Cadmium Borates Containing Other Elements 


Lithium. The complete phase diagram has been prepared for the system Li.O,B.03-— 
2CdO,3B.03.°°° 


Zinc. Two ternary compounds 2CdO,ZnO,B.03 and CdO,2ZnO,2B.03 have been 
isolated from the ZnO-—CdO-B.O3 system ?®® (see Fig. 30). Their optical, thermal, 
fluorescent and X-ray diffraction properties were determined. 


Tin. A compound with a dolomite structure’?® of the formula CdSn(BOs3). has 
been synthesized.°** 
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Zirconium. CdO,ZrO.2,B203 is one of the group MO,ZrO2,B,03 (where M=Ca, 
Sr, Ba, Cd) which has been formed by cooling mixed oxide melts.°*® 


Vanadium. Boron and vanadium occur together in a series of salts with bivalent 
metals in which the M:V ratio can be 1:1 or 1:2. When M is Cd, then 2CdO,V20;,- 
3B.03 is formed only when cadmium oxide, carbonate or hydroxide is fused at 
1000°C with vanadium pentoxide and boric oxide for 34 hours, with the latter 
10°%% in excess over the stoichiometric quantity. If the CdO:V2Os; ratio is 1-25, 
then CdO, V20;,B203 is formed after several hours heating. Both of these compounds 
hydrolyse readily.?7+ 


Sulphur. The colourless hygroscopic compound Cd[B(SO,)z]e is formed by the 
reaction of cadmium sulphate, boric acid and sulphur trioxide (in the molecular 
proportions 1:2:6). It is probably ionic with a high-polymer anion.?? 


Halogens. Cadmium boracites are formed (in an analogous fashion to similar 
compounds of magnesium and zinc) by reaction of a halide of cadmium with 
cadmium oxide and boric oxide at 300°C, in an autoclave. The compound forms 
on the colder surface of the autoclave and is produced by a vapour-phase reaction 
needing a hydrogen halide, oxygen or water vapour carrier.*° 


Hydrated Cadmium Borates 


Apart from CdO,2B,03,2H2O, synthesized by Ditte°*? in 1883, and a rather ill- 
defined compound corresponding to 3CdO,2B.03,3H2O (Mellor, V, 101), the only 
two simple hydrated cadmium borates produced and characterized are CdO,B2QOs3,- 
H.2O and CdO,2B203;,5H.O. Further than this, evidence exists for the formation 
of a solution containing cadmium ions and pentaborate ions.*8® More recently a 
2:3:7 compound has been synthesized. 

Complex cadmium borates appear to be synthesized with less difficulty than 
those, for example, of zinc. 


CdO,B,.03,H20. Cadmium 1:1 borate monohydrate is formed by adding 0-15N 
borax solution to an equal volume of a hot 0-1N solution of cadmium nitrate; the 
amorphous precipitate crystallizes in 24 hours.?? The product has a solubility product 
of 2°31 x 107° in 39% boric acid solution. As the boric acid concentration increases, 
so the compound increasingly dissolves, until in 0-5m boric acid it is nine times as 
soluble as in water. It has been suggested that the complex formation in solution 
could be represented by: 


Cd(BOz)2+ 2H3BO3 = H.[Cd(BOz).] (cf. zinc metaborate). 


The compound, on this basis, has an instability constant of 2:3 x 107 11.498 


CdO,2B,03,5H.O. This hydrate is the best-characterized borate of cadmium and 
is prepared by displacing acetic acid from cadmium acetate by the addition of 
boric acid. A hot saturated boric acid solution is added to an equal volume of an 
aqueous cadmium acetate (in a 4:1 molar ratio) with constant stirring and heating 
until the smell of acetic acid disappears (some days). Needles of the 1:2:5 borate 
are precipitated, and can be recrystallized from a large volume of 0-1N acetic acid 
buffered with cadmium acetate.?!’ 542 One molecule of water is lost at 100°C, and a 
further 3 at 100—150°C, and the last molecule is retained up to 300°C at which it is 
lost slowly. The crystals hydrolyse on long standing in water. As with the 1:1:1 
borate the solubility is increased by the presence of boric acid, 


e.g., in 2°% HsBOs3 the solubility is 0-68 g/l; 
3°% H3BOz3 the solubility is 1-02 g/l; 
5°% H3BOz the solubility is 1-59 g/l. 


The mobility of the anion in a 3% boric acid solution is 16:2 mho/cm?.°** 
Refs. p. 583 


Borates of Groups II, Il, IV, VII, VU Uncluding Lanthanides) 583 


The structure has been studied and found to belong to the class of double-ring 
borates with independent polyions°®*, represented as Cd[B,0;(OH).4],3H20O7?; this 
does not obviously agree with the dehydration data. 


2Cd0O,3B203,7H2O. Only brief reference is made to the formation of this com- 
pound.°**° 


Hydrated Cadmium Borates Containing Other Elements 


Ammonium. The complex compound [Cd(NHs3)2(H2O)2]B:0O7,5H20 has been 
synthesized in a similar manner to the almost analogous zinc ammonium 
borate [Zn(NH3)3H20O]B40O7,6H2O. The general properties are discussed. It is 
recommended as a suitable starting point for the production of pure CdO,2B203.*°? 
A more complex compound containing the ammonium radical and the trihydroxy- 
glutarate radical has been prepared and has the formula 2CdO,(NH4,)20,B20s3,- 
2CsHg0¢6,9H20.°** The density is 1-904. It is hydrolysed in water. 


Potassium. If solutions of potassium tetraborate (K2B,07,xH2O), boric acid and 
cadmium sulphate are mixed at 50°C there is a rapid precipitation of K,0,CdO,- 
6B.03,10H2O, isomorphous with (NH,)20,ZnO,6B.03,10H2O (q.v.).*9” It crystal- 
lizes in triclinic form and contains one molecule per unit cell. It starts to lose water 
at 70°C, and dehydration is complete at 300°C. It hydrolyses slowly in water but is 
stable in dilute boric acid solutions. 


Trihydroxy Glutarate. In addition to the complex ammonium cadmium borate 
containing the trihydroxyglutarate radical, the simpler compound 3CdO,3B20s,- 
2C;HgO¢,9H2O has also been prepared. It has a density of 2:47 and is soluble in 
water at 25°C to the extent of 7:05 g/I.°*° 


MERCURY BORATES 


Simple mercury borates are not formed under normal conditions of reaction, and 
it is only very recently that a mercury borate has been synthesized. It was formed 
from its oxides by reaction at 700-940°C under a pressure of 24-40 kilobars.°*? 
The only borate so far prepared is the 4:3 borate 4HgO,3B203, which is isostruc- 
tural with the analogous 4:3 zinc borate or ‘metaborate’ (g.v.). The boron atoms 
in the structure are tetra-co-ordinated, as established by study of the infra-red spectra. 
It decomposes at 360°C in a stream of hydrogen, forming both «- and f-boric oxides. 
It is more stable than mercuric oxide but decomposes at 565°C under vacuum. 

Apart from this borate there are a few compounds which contain both mercury 
and boron together with other elements or groups. There is reference to phenyl 
mercuric borate being toxic to Candida albicans.°*® Phenyl mercuric acetate is used 
extensively as an intermediate in the familiar mercuration substitutions in organic 
syntheses; the borate is probably formed by substitution for the acetate radical. 

A highly explosive compound ‘Hg.N borate’°*° is said to be formed by double 
decomposition between the nitrate Hg2N.NO3) and ammonium, sodium or potas- 
sium borate. Radicals other than borate also form these explosive compounds. A 
compound Hg[B(SO,)2]2 is formed by the reaction of mercuric sulphate with boric 
acid and sulphur trioxide.++ Analogous compounds in Group IIa and b are formed 
(q.v.). By adding mercuric oxide (2 moles) to a mixture of 2 moles of alkyl chloride, 
10 moles of water and 2 moles of acetic acid, allowing reaction to proceed for 30 
minutes the compound CICH-CH,.HgH2(BOs)20 is obtained.°°° 
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BORATES OF GROUP III 


ALUMINIUM BORATES 


Anhydrous Aluminium Borates 


The importance of both aluminium and boric oxides in glass formation has led 
to the fairly extensive study of a variety of complex systems containing these oxides. 
The simple system Al203,—B2O3 has also been investigated, but until 1960 no solid 
phases had been positively identified. Two borates were then fairly well confirmed 
as existing throughout a large range of the AlzO;—B2O3 system?+: 9Al.03,2B.03 
and 2A1,03,B,03. Glass formation areas in the Al,O3;—-B2O3 system have also been 
determined? and the structure of aluminoborate melts at 1600°C investigated.? A 
tentative phase diagram of the Al,O3;—-B2.O3 system has been drawn up between 
600° and 1650°C*, confirming the two solid phases mentioned above (see Fig. 31). 
The system was studied in conjunction with the ternary system LizOQ—Al,03—B.03° 
(see Fig. 32) and the quarternary system LigO—-B203—Al,03-SiOz.® 

The thermodynamics of the Al-B—O system have been investigated with special 
reference to vaporization studies of various compositions in the system and its 
application to rocket propulsion.’—14 
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Fic. 31.—Phase diagram of the system Al2O3-B203*. A=Al,03, B= B2O3 
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Fic. 32.—Phase diagram of the system LigO-Alz03—-B203 (Compatibility triangles)® 


Aluminium borate whiskers, of three different types, have been grown by two 
methods, one via the vapour phase at 1175—1225°C (which gave whiskers between 
0-2 mm and 27 mm long) and the other via the liquid phase (giving slightly shorter 
fibres, 0-2 mm—20 mm). The melting points of these fibres ranged from 1675° to 
1795°C.'2 Molten boric oxide and borax were used as suitable solvents and sources of 
B.Os. 

The 9:2 aluminium borate was probably first isolated from the system Li,O- 
Al,03;-B203, which was particularly studied to determine the regions of easily 
fusible glasses. Many physical properties of these glasses were studied to aid the 
formulation of certain theories of the two networks which occur in the system.?% 
Further study of the LizO—-Al,O;-B,03 system showed the presence of the 2:1 alu- 
minium borate as well as the 9:2.° The solid phases of the CaO-Al,.O;—B203 system 
have been determined.’* A glass formation study was made?>, and the co-ordination 
of the boron atoms therein deduced to be four-fold by n.m.r. studies.1* The BaO- 
Al,03-B2O03 system has also been studied.1+4 

Boric oxide additions to the field of primary mullite (3AI,03,SiO2) only lowers 
the liquidus temperature of phase equilibria slightly.27 Mixed crystals of mullite 
and the 9:2 aluminium borate are formed in the Al,O;—B20;-SiO2 system.?® A 
later study of the latter system has also been made.?” 

No glass formation is found in either the AlkO;-TiO.-B2,03 or Al,.O3;—-ZrO2— 
B,O3 systems.? 

The LigOQ—Al,03;—-B203-SiOz system has been studied with particular reference 
to the areas which make good sealing glasses.1!° 

Quenching methods of studying a glass have been used on the system Y.O;- 
Al,03—-PbO-B203-—PbFz to distinguish the stable crystallization areas.?® 

Many other systems containing aluminium and boric oxides have been studied 
for glass formation properties and are discussed elsewhere (Section El). Doping of 
AIBO, with traces of chromium give pink crystals, similarly to the formation of ruby 
from corundum.?5+ 


Al,O3,B203. This has been accepted as the formula of the mineral jeremejevite 
but it has recently been suggested that there is better agreement with the formula 
AlsBgO15(OH)3.79 Synthesis of the 1:1 borate had failed? until very lately, when 
an anhydrous borate identical with jeremejevite has been formed?° and the formula 
Al,03,B203 attributed to it. A borate of this ratio was obtained by hydrothermal 
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synthesis at high pressure.’*° Thermal decomposition of the trihydrate has been 
studied.*4 


2Al203,B20;. The 2:1 aluminium borate is found over a range of compositions 
(20-80 wt.-°% B2O3) in the AlzO3;-B203 system when heated at 800—900°C for 18 
hours.* It is more specifically prepared by heating 3 parts of alumina with 7 parts 
of boric acid by weight for 70 hours at 1000°C?? or by the calcination of mixtures of 
boric acid and aluminium nitrate or sulphate at 1000-1100°C.198-° The melting point is 
incongruent and is quoted as 1030+ 7°C by workers studying the Al,O;-B2O3 system 
in a preliminary investigation of the LizO-Al,03—B2O3 system.® Earlier workers quoted 
1050°C as the melting point and recorded, among other physical data, a density 
of 2:93.71 A study of the system Al,O3;3-B203,—-H2O between 100° and 300°C showed 
2Al1,03,B2O03 as the only solid phase borate!*? (see Fig. 33). This was confirmed as the 
ultimate product in hydrothermal synthesis.**! 
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Fic. 33.—Phase relationships in the system Alz03;—B203—H2O !°2 


This borate has been studied as a source of an inorganic fibre.?? It decomposes to 
9A1,03,2B203 at 1100—-1200°C.1°*-® Other fibres of more indeterminate Al,O3:B203 
ratios have been produced, one with a ratio 2:5:1 being the nearest to 2:1.1? 


3Al.03,2B203. The compound was formed under hydrothermal conditions.**1 


3A1,03,4B,03. This compound has recently been synthesized by hydrothermal 
methods; its structural features and thermal stability were studied.+?2 


5A1.03,3B203. This is formed in the AlzO3,B203 system on heating at 800—-1000°C.1°° 


9A1,03,2B203. Like the 2:1 borate the 9:2 aluminium borate is identifiable over 
a wide range of the Al,O;—B2O3 system (20-90 wt.-9% B2O3) at 1100°C.1 One part 
of boric oxide dissolved in 4 parts of molten alumina in an electric furnace produces 
orthorhombic crystals of 9Al,03,2B.03 by heating the mixture at 1100°C for 70 
hours.2! The compound is also formed at lower temperatures by heating aluminium 
with anhydrous borax at 960°C for 48 hours, or by heating 2A1,03,B203 with alu- 
minimum in anhydrous borax at 940°C.?° In an investigation of the LizO—-Al,03—B2O3 
system, the 9:2 borate was the only detectable solid phase other than lithium borates?’, 
but see above.° Two forms of the 9:2 borate appear to exist with incongruent melting- 
points of 1440° and 1950°C.?* Physical properties and X-ray diffraction details are 
available for both modifications.??: 2° 

Its other properties appear to be somewhat analogous to those of mullite 
(3Al,03,SiO2). It is insoluble in water and quite stable?° and forms a solid solution *° 
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with mullite at 1200°C, the mixed crystals from which are more resistant to hydrogen 
fluoride than mullite alone.?’ 

Aluminium borate whiskers have been produced with a formula slightly different 
from 9A1,03,2B203, namely 4:8A1,.03,B.03.?2 


Other Binary Aluminium Borates 

Apart from indeterminate aluminium borate whiskers analysing at 2:5Al.Osz,- 
B203,3°8Al203,B203 and 4:-8Al,03,B203*° other fibres have been formed. (Al2O3)s3- 
+0-4,B203 is formed by heating a 4:1 mixture (by weight) of boric oxide and alu- 
minium hydroxide at 1400°C, cooling it in a controlled manner and digesting with 
2’% sodium hydroxide solution. If the product is heated at 1750°C for 5 minutes 
(Al203)9 + 0-4,B203 is formed. The fibres of the latter composition thus produced 
were 0:7 mm long and had a length: breadth ratio of 10: 1.28 


Anhydrous Aluminium Borates Containing Other Elements 


Lithium. The LizgOQ-Al,0;-B203 system has been studied, and two ternary solid 
phases discovered: 2Li2z0,2A1203,3B203 which decomposes at 790+ 20°C to give 
the 1:5 lithium borate and a liquid, and 2Li,0,Al,03,B203 which melts at about 
870°C. The nature of this reaction is unknown.® 3Li,0,Al,032B,03 has been 
described.1® Its structure is monoclinic and consists of infinite chains of 
[Al.(BO3)4]®~ and bands of Li** tetrahedra. 


Sodium. The pseudobinary system Naz,O,B203;—-Al,03 has been investigated by 
X-ray diffraction and infra-red spectroscopy. A solid phase of composition Na2O,- 
Al,03,B203 is present at 40-60 mol.-%% Al.Oz. It has a melting point of 1010+ 10°C 
and a pycnometric density of 2:62 g/cm?.!2% 


Calcium. Two ternary compounds have been isolated from the CaO—-Al,0;3-B.03 
system. These are 2CaO,AI,03,B203 and CaO,Al.03,B203.14 Aluminium in the 
system has been confirmed as being hexa-co-ordinated.?° The structure of 2CaO,- 
Al,03,B203 has been investigated and may be more logically written as CaAl- 
(O/BO3).°° 


Magnesium. Al203.2MgO.B2O3 was prepared by hydrothermal synthesis.!44 
Lead. Supercritical fluctuations in the Bs0;-PbO-Al.03 system have been studied.!4? 


Lanthanides (Rare Earths). Borates of the general formula LnX,;(BO3)4, where 
Ln=yttrium or a lanthanide element and X is aluminium or chromium, have been 
synthesized during the past few years. Many of the compounds containing lanthanide 
and aluminium are fluorescent when activated with ultra-violet light, and most 
have piezoelectric properties. 

Crystallization of these borates is usually accomplished by use of molybdenum 
trioxide and potassium sulphate or lead borate, Pb3(BO3)4 fluxes, although a PbF.- 
B2O3 mixture has been used for YAI3(BO3)4.14° Compounds have been produced 
where Ln= Y, Gd, Er, Sm, Nd, Dy, Tb, Ho, Eu*+~?, and Yb, Ho, Er®°, the former using 
the MoO;/K2SO, flux and the latter using a MoO3/Pb3(BOs3),4 flux. Potassium molyb- 
date and PbO-B.O3 were later used for Ln=Pr and Nd.1*8 | 

The crystals have a trigonal-rhombohedral lattice*! and are isostructural with 
the carbonate mineral huntite.°? Lattice constants, densities and unit-cell volumes 
have been calculated, showing that the familiar lanthanide contraction occurs with 
the borates as the atomic number of the rare-earth ion increases.?* As an indication 
of the properties of these borates the compound YA1,(BO3), has a hardness of 7-5 Mohs 
and density 3-7.32 The temperature dependence of fluorescent emission of the latter 
compound activated with 2:3°% of Eu®* has been studied; its fluorescence is quenched 
at temperatures above 750 K.%* The fluorescence lifetime of NdAl;(BO3)4 has been 
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measured and the compound suggested as a promising laser material.'*” The europium 
member of this series shows appreciable non-stoichiometry, deduced by optical 
spectroscopy and X-ray investigations; not only Al?* sites are occupied by rare-earth 
ions but other sites as well.°° Chromium replaces aluminium in YAI3(BO3), and a 
luminous spectrum has been recorded of the change.°® 

An n.m.r. investigation of the yttrium compound showed that the (BO3)*~ group had 
a planar structure.®” All these borates are classified as belonging to the order of insular 
borates (i.e. non-ring borate structures with independent polyions).°?° The morphology 
of YAl3(BO3), and related rare-earth compounds has been studied.149-°° 


Minerals Containing Aluminium and Boron 


Aluminium and boron combine in many ways to form minerals, most of which 
are very complex; they include the following: 


Jeremejevite: AlzO3,B203 (or Alg(BO3)g(OH)s ?). (Synthesized.?% 112) 

Sinhalite: 2MgO,Al.03,B2O03. (Synthesized.?**) 

Alumoferroascharite: ascharite with B.O3 replaced in large part by (Al,Fe)2O3. 

Dumortierite: (Al,Fe)7O3(BO3)(SiO.)3. 

Rhodizite: CsBe,Bi2 = xAlzOesHe. 

Serendibite: (Ca,Mg)sAlsBSi3O20. 

Johachidolite: 2Na20,Ca0O,4Al1.03,6B203,5CaF2,5H2O. 

Harkerite: CasgMgi¢Al3(CO3)i18(BO3)15(Si04)12Cl2(OH)¢,3H20. 

Ettringite: Ca,(Si, Al, B)3(SO4)2(0,OH)12,12H2O. 

Tourmaline group: (Na,Ca)R2(AIl,Fe)sB3Sig027(0,OH,F), (R= Mg, Felt, Fe™, Al, 
LiMn", Cry 

Axinite group: 2(Fe,Mn)O,2A1,03,4CaO,B203,4Si02H.2O. 

Sapphirine: 9MgO,10(Al, Fe,B)203,4SiOzg. 

Grandidierite: 2Na20,4FeO,8(Fe,Al,B)203,5SiOz. 

Kornerupine: (Mg,Fe™,Fe™,A1)40(Si,B)1sOge. 

Satimolite: KNazAl.(BO(OH).2)¢Cls,4H2O. 


Hydrated Aluminium Borates 


Well-defined crystalline hydrated aluminium borates have not yet been synthe- 
sized. Metaborates of indeterminate hydration having the general formula A1.O3,- 
B2O3,nH2O where n=2 to 6 have been produced by the interaction of 0-2N solution of 
aluminium nitrate with borax or potassium tetraborate solutions. The composition 
was determined by the ‘inert component’ method.'11 Thermal decomposition of the 
trihydrate has been studied.1*° 

It is also possible to produce indeterminate ‘aluminium polyborates’, xAl.Oz,- 
yB,O3 where y=3-5—27-0 times x.2°9 They may be prepared by treating a soluble 
aluminium salt with a 3:-5—27m excess of boric acid or borax. A white precipitate 
forms as a milky mass which can be filtered and drum-dried.*® Under other condi- 
tions gels are formed by adding strong solutions of borax (20%) to 4:4%% solutions 
of aluminium chloride. Equi-volume addition gives an opalescent gel with a setting 
time of 5 hours. The addition of slightly less borax gives a transparent gel which 
takes 10-28 hours to set, and if a 25% excess of borax solution is used an opaque 
gel is formed which sets instantaneously.*! Gels may also be formed by adding boric 
acid or borax to aqueous solutions of basic aluminium chloride Al(OH),-Cls - ,..*? 
Aluminium oxide gels have the property of removing boron from brines.** 4° Other 
methods of producing aluminium oxide/borate gels are on record.** These gels 
find their use in the preparation of creams and cosmetics, etc. 

The mineral jeremejevite, which is now accepted as a ‘metaborate’ containing OH 
groups has been synthesized recently by hydrothermal methods.'1? Al,03,3B203,7H20 
and Al,O3,2B203 have also been made in this way.'* The CaO-Al,.03-B203—-H20 
system, when studied, showed only hydrated calcium borates and 2Al.03,B203 as 
solid phase borates? (see Figs 33 and 34). Double hydroxoborates of aluminium and 
lithium are known.?°" 
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Boric acid Boric acid Boric acid 


CH C3AH, AH3/AH CH C3AH, AH 
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C,B2H 2.CB (high pressure form) +H 
Fic. 34.—Phase diagrams (showing compatibility triangles) for the system CaO-—Al,03—B203-— 
H,O 
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SCANDIUM, YTTRIUM AND THE 
LANTHANIDE (RARE EARTH) BORATES 


Anhydrous Borates 


With the great interest in the chemistry of the lanthanides (rare earths) in recent 
years, the very stable anhydrous lanthanide borates, which may be easily formed 
from the oxides and boric oxide, usually from a suitable flux, have received their 
share of attention. Scandium has gained comparatively little notice and there seems 
to be evidence for the formation of SCBO; only 179 (see Fig. 35). Yttrium follows the 
lanthanides very closely in its borate formation; in common with the binary sys- 
tems of Group II oxides and boric oxide, liquid immiscibility occurs over a large 
area*® (see Fig. 36). 

The 1:1 borates, written conveniently as LnBO 3 (Ln denotes a lanthanide atom), 
have been investigated most thoroughly. They are stable phases of the LnzO3—B203 
systems *® and are easily formed by heating the correct stoichiometric quantities of 
the lanthanide oxide with boric oxide at 1200-1400°C*" or boric acid at 825- 
1000°C.?1° They melt at temperatures above 1400°C. These borates (Ln = Pr—Lu) 
are also present as solid phases in the NazO-—Ln2,03;—B203 system at 900°C.*8-°° 
Polymorphism is found in certain of these borates (La, Y, Ce, Pr, Nd, Sm, Lu) 
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gravity-separated Sc.O3-rich phase. Equilibrium phase of ScBO3 has calcite-type structure, 
although a metastable phase of unknown symmetry can be quenched from the liquid. Insert 
in upper right-hand corner is plot of index of refraction of quenched glass vs. composition 


and the relationships of these polymorphs as a function of temperature and ionic 
radius have been studied.°!-2 The LnBO3 borates (of Y, Sm, Eu, Gd, Dy, Ho, Er, 
Tm, Yb, Lu) have a stable vaterite (u-CaCOs) structure.*” °?> 53-146 Lattice constants of 
the triclinic orthoborates LnBO3; (Ln=Pr, Nd, Sm, Eu, Gd, Tb and Dy) were mea- 
sured.+7? The polymorphic transitions of LnBOg3 borates will be discussed when con- 
sidering the individual compounds. Unit-cell dimensions, indexed X-ray data and some 
optical data are available®!; further studies showed that the unit cells were hexagonal 
with borate groups parallel to the c-axis.°* Each lanthanide ion is co-ordinated to a dis- 
torted cube of 8 oxygen atoms.°*~> The borate structure of the vaterite type shows a 
planar T-shaped configuration.°> A more recent infra-red examination, in the 
1500-250 cm~+ region, could not be reconciled with three-fold co-ordination of 
boron, but instead pointed towards four-fold co-ordination in LnBO3 compounds.*® 
Lanthanide 1:1 borates obtained from the Na,O—-Ln2,0O;—B2O03 system have had 
their ranges of crystallization established®° and their thermal stability investigated 
using D.T.A. techniques; the stability decreases from La—Tb.*®? In certain studies 
of the phase diagrams of lanthanide borates with lanthanum 1:1 borate, the poly- 
morphic relations of solid solutions of LnBOg have been investigated by quenching 
techniques, which show that both aragonite and vaterite-type structures are not 
stable in the centre of most of the systems.°? Flux-growth of LnBOsz single crystals from 
Ln2O;—B,03;—PbO—MoOs3 (or PbF2) mixtures has been investigated for a wide range of 
rare-earth borates.1”* The opalescence of borax beads to which too much of a lantha- 
nide salt is added to obtain the characteristic colour is said to be due to crystallization 
of the 1:1 borate.5’ Irradiation of the 1:1 borates (of Sm, Eu, Gd, Er) in an argon 
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Fic. 36.—Extent of immiscibility and temperature of the monotectonic for lanthanide oxide 
and boric oxide systems and for the systems Y203;—BzO3 and Sc20;—-B203*° 


Small vertical lines on LagO3 and Nd2Og systems indicate a Ln,O3,3B203 compound, beyond the immiscibility 
region. In the remaining systems the liquidus rises to the melting point of the LnBO3 compound 


atmosphere showed that all but the samarium borate broke down, releasing large 
quantities of helium.*® 

The formation of 1:2 borates has been postulated in borax bead investigations 
(of Ce, La, Nd, Pr and Y salts)°®’ but no recent evidence exists to confirm their 
formation. The existence of 1:3 lanthanide borates may explain borax-bead colora- 
tions.°” The properties of 1:3 borates (of Pr, Sm, Eu, Gd, Tb) have been thoroughly 
investigated; the borates were synthesized by the interaction of the lanthanide oxide 
and sodium borate at 900°C.*® °° Further lanthanide 1:3 borates (of La, Ce, Nd), 
with the same five referred to above, have been synthesized °° and their properties 
shown to be very similar, each having the same type of crystal structure.5° Both X-ray 
and optical studies were made.'”! 1:3 borates of the heavier lanthanides (Dy — Lu) 
have not been reported. The 3:1 lanthanide borates have also been prepared from 
oxides. All crystallize with monoclinic symmetry, the larger ions (La, Pr, Nd) producing 
structures different from those with smaller lanthanide ions. There is a less radical 
change between ytterbium and lutecium.®° 

The solubility of lanthanide oxides in the SrO-B,O3 system has been studied 
(for La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb)®! and mixed borates in mono- 
crystalline form of the formula Ln2Sr3(BO3), have been synthesized ®?’1!7 (Ln= 
Pr, Nb, Gd, Tb, Dy, Ho, Er, and Yb). These double borates have been proved to 
be isostructural by using infra-red spectroscopy and X-ray phase analysis.!17 

Compounds allied to the latter mixed borates with a general formula LnX3(BOs3)a, 
where Ln=rare earth and X=Al, Cr™, Ga™!, have been studied. They are formed 
by reaction of the appropriate oxides in a molybdenum trioxide and potassium 
sulphate flux (with Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er), from which trigonal crys- 
tals with a rhombohedral lattice crystallize.*4 LaX3(BO3)4 crystals which have 
Ln=Yb, Ho, and Er, and X=Al and Cr, are better crystallized from a lead borate 
(Pb3(BO3).4 flux.2° The lanthanide gallium analogues have been prepared and their 
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structure and fluorescent properties investigated.°* The majority of these com- 
pounds have piezoelectric properties and some (the Y, Sm and Eu compounds with 
Al) are excited by ultra-violet light to give an excited fluorescent line-width of about 
0-9 A.3! X-Ray and other crystallographic data have been reported.?* These ‘3d 
transition boracites’ have been studied especially for their magnetic susceptibili- 
ties.°*~ > Properties more specific to the individual elements of the lanthanides follow 
this more general survey. 


Scandium 


Single rhombohedral crystals of ScBO3 have been grown from a barium borate 
flux °° and a phase equilibrium study for the system Sc203—B2O03 shows the presence 
of Sc2O3,B203 and the usual liquid immiscibility (Fig. 35).19° It melts at 1610+ 
10°C.18° ScBO3 may be prepared in microcrystalline form by heating mixtures of 
Sc.O3, boric acid and alkali metal bicarbonate.®* It has a calcite structure and lattice 
dimensions very similar to those of lithium nitrate and magnesium carbonate.®’ Lattice 
energies have been calculated.®* Coefficients of thermal expansion were calculated 
from precise lattice parameters.?*? It is classified together with many of the lanthanide 
1:1 borates as being in the order of insular non-ring borates with independent poly- 
ions.°® An impure scandium borate energy transfer was observed from the lowest and 
from the one-but-lowest excited level of the Ce?* ion to the Tb?* ion.'2° Agreement of 
the calculated and experimental values of Stark splitting of the Ce*+ 4fshell with each 
other revealed a high degree of ionic nature of the compound.?® 


Yttrium 


YBOx3 is prepared by the general methods for lanthanide 1:1 borates (q.v.). 
Several crystalline forms exist, polymorphism occurring at high temperatures and 
giving a stable modification of the u-calcite (vaterite) type structure.*” °°? Deter- 
minations of interatomic distances show that the metal atoms are located at the 
centre of a distorted octahedron of oxygen atoms and co-ordinated to one randomly 
distributed oxygen atom.®° The lattice energies of the rhombohedral 1:1 borates 
have been determined.®® The 1:3 borate is mentioned only in passing in the borax- 
bead investigations of 1926°” but is probably formed in the same manner as other 
lanthanide 1:3 borates. The 3:1 borate has been prepared.®° 

YAI;(BO3)4 is one of the three borates of this kind to give ultra-violet excited 
fluorescence line widths of ~0-9 A.*! Activated with 2 or 3% of europium the 
compound fluoresces more efficiently: the temperature dependence of the fluores- 
cent emission has been measured at temperatures greater than ambient.?* Cr?+ 
easily replaces Al?+ and the electron paramagnetic resonance of the substituted 
borate has been studied in conjunction with a study of the luminescent spectrum.” 
Recently, a compound of the form YCr(BO3)2, having a dolomite structure, has 
been prepared and its crystallographic data determined.’”: 7° 

The solubility of Y3Al;O,2 (yttrium aluminium garnet) in PbO-B.2O3 and PbO- 
B,O0O3;—PbF2 melts has been investigated, and the method of rapid quenching used 
to distinguish the stable crystalline regions in the system.1® The system BaO- 
YTaO.,—B,03 has been used in a comparison with the BaO-LuTaO,—B2O03 system 
in which perovskite type compounds are formed.”* 


Lanthanum 

The system La,O3—B2O3 has three solid phases, LazO3,B203, LazgO3,3B203 and 
3La2O03,B2O03.** 7® 118 By heating the oxides together at 1000—1300°C the 1:1 and 
1:3 borates crystallize after about 20 hours. The same authors were also able to 
produce these two borates from a mixture of lanthanum sulphate and sodium 
borate at 900—-1000°C; they were, however, unable to produce the 3:1 borate in 
this way.”> The 3:1 borate can be synthesized®® 7® 15" but has an incongruent m.p., 
1386+5°C."® The course of the reaction between pure lanthanum and boric oxides 
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has been studied by using X-ray and D.T.A. techniques. The binary system is im- 
portant as a model host for fluorescing systems.?1® La,O3,B2O3 exists in two poly- 
morphic forms, a low-temperature one which has an aragonite structure and is 
birefringent ®’, and a high-temperature form which has a reversible transition point 
at 1488+ 5°C.°!: 78159 Tn a study of the reactions of a number of lanthanide borates 
with lanthanum 1:1 borate, this high-temperature form was shown to be stable, 
being a low-symmetry form of calcite-type structure. It was shown, however, that 
when smaller lanthanide ions (e.g. Lu**+) were added to it, the distortion decreased 
until LaLu(BO3)2 was formed when a hexagonal phase was obtained which possibly 
had the dolomite structure.°? The 1:1 lanthanum borate has a congruent melting- 
point of 1600 + 15°C, one of the highest of all the lanthanide borates.’® A thermochemi- 
cal study has been made.?°® X-Ray powder diffraction patterns have been determined 
for this compound together with other optical characteristics.”” The effect of the charge 
on the cation related to cation size has been discussed for lanthanum 1:1 borate in 
order to explain its structure.’® It is extremely resistant to water and sodium hydroxide 
solution (6-12N), even at elevated temperatures; but it is attacked by dilute hydro- 
chloric acid at room temperature.’® 

The 1:3 borate has a congruent melting-point of 1141+5°C.7® Its crystalline 
structure has been quite recently determined.°? This borate in contrast to the 1:1 
borate is attacked both by aqueous alkali and by acid.”® 

Glass formation in the system La,O3;—B2.O3 has been studied?, and this system 
is also found to have a region of immiscibility at 1336+5°C, ranging from almost 
pure boric oxide to 21:5%% Laz,O37° (see Fig. 37). In the system La,O3;—-SrO-B,O3 
a mixed borate of the formula La,.O3,SrO,2B.O3 is found as one of the solid phases. *°? 
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Perovskite compounds are formed in the BaO-LuTaO,-B,O; system, but the 
comparable lanthanum system shows no such formation.’* The electrical properties 
of the TiO.-La2O3-B2O3 system have been investigated.1!9 A study of the crystal 
structure of lanthanum cobalt metaborate showed it to be LazCo2[BsB.Oz20] and to be 
composed of infinite [B;010]°~ chains.*®° (See also p. 643.) 


Cerium 

Three cerous (Ce™) borates, 1:1, 1:3 and 3:1 are known and are formed by the 
general methods discussed earlier. The 1:1 cerium borate is also formed by heating 
the 1:3 borate at 1500°C for 30 hours; it has a density of 5-53.79 It has two high-tem- 
perature modifications, one isostructural with high LaBO3 and the other with high 
NdBO3.*°° The 1:3 borate is itself alternatively formed by cooling the lower layer of 
the two-layer melt which is produced when cerous and boric oxides are fused at 1200°C. 
It has a Ce2O3 content of between 2:97 and 60-3°%. The optical properties, X-ray data 
and infra-red spectra of the 1:3 cerium borate are very similar to those of the corre- 
sponding compounds of other lanthanides (La, Pr, Nd, Sm, Eu, Gd, and Tb).®° 
The addition of half a molecular proportion of cerous oxide to molten boric oxide 
lowers its density at temperatures below 650°C, but increases the density and sur- 
face tension at higher temperatures (700—1200°C).?*° 81 

It is doubtful whether borates of quadrivalent cerium can be formed by solid- 
phase reaction.°? Samarium-activated cerium borate fluorescent materials belong 
to the fluorite type.®* 

A mineral stillwellite having an idealized formula Ce.03,B2.03,2SiO> exists. 


Praseodymium 

The methods of synthesis of 1:1, 1:3 and 3:1 praseodymium borates are des- 
cribed in the general section; there is little else to add that is specific to praseody- 
mium. The mixed borate Pr2Sr3(BO3)4, is also formed by general methods. The 
green coloration of praseodymium compounds is found in the borax-bead test and 
is quite specific.®” 


Neodymium 

The neodymium 1:1, 1:3 and 3:1 borates are formed by using the previously 
described general methods (q.v.). The 1:1 borate exists in an aragonite form below 
1090°C (transition temperature). Its high-temperature form differs from that of 
the lanthanum compound®’; it is metastable and is formed by cooling from a 
phase which is isostructural with the high temperature form of LaBO3.°?:159 The 
standard X-ray diffraction powder pattern has been determined, as well as density 
and refractive indices.’” The crystal structure of the 1:3 compound has been shown 
to be monoclinic, containing chains of borate triangles and tetrahedra.!® 

The systems NdBO;-SmBO3 and NdBO3;—LaBO3 have been studied and the 
mixed borate fractions examined.°? In the SrO—B,03—Nd2O3 system, solid phases 
of Nd.O3,B,03 and Nd2O3,3B203 are found at 1100°C, and at that temperature 
it was observed that a separation of liquid phases occurred.** 

Neodymium salts give a rose-coloured bead in the borax bead test.5” 

The compounds NdA13B,O,2 and Nd2Sr3(BO3)4 have been formed by the general 
methods earlier described. 


Promethium 
The borates of this artificially produced element have been prepared ®®> and their 
chemistry discussed.°° 


Samarium 

The general methods of formation have been applied to the three samarium 
borates, Sm203,B203, Sm203,3B203 and 3Sm203,B203, and a study of the system 
Sm,0;-B203 shows that each of the three occurs as a solid phase within it.*® 
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The samarium 1:1 borate exists in three polymorphic forms *?: 


(a) a form which is structurally similar to the metastable polymorph of NdBOs, 
and is stable from room temperature to 1065°C; 

(b) the high-vaterite form which is stable between 1065° and 1285°C (see also 4”); 
and 

(c) the type isostructural with the high-temperature form of LaBOs, which is stable 
from 1285°C to the melting point of SmBOsz (see also °'). 


The crystal structure of Sm(BOz2)3, the 1:3 compound but confusingly termed the 
metaborate, was found to be monoclinic.1®* It consists of [BgO12]®~ radicals (which in 
turn are composed of two BO, tetrahedra and four BO3 triangles) in chains bounded 
with Sm polyhedra. 

In the LaBOz;-SmBOz and NdBO;-SmBO3 systems the centre portions of the sys- 
tem have the low-temperature polymorph as the stable phase rather than the more 
normal vaterite type.°? SmBOs, when irradiated in an argon atmosphere, did not 
disintegrate with the emission of comparatively large quantities of helium, whereas 
other lanthanide borates (Eu, Gd, Dy and Er) did so under identical conditions.°® 

The mixed borate SmAls(BOs3), is one of the three lanthanide (Y, Sm, Eu) alu- 
minium borates which show an ultra-violet excited fluorescence line width of 
0-9 A.31 The properties of SmCr3(BO3)4 were also studied.?? 

A study of the SrO-B203;-Sm203 system showed the presence of Sm2.03,3B203 
and SmCr;(BO3)4 as solid phases.°? The SmzO3—B203—CoO system has been studied 
and the crystal structure and infra-red spectrum of SmCo(BOz); determined.!®>-’ It is 
orthorhombic, d(expl.)=4-70 and m.p. = 1080°C. 

Evidence exists for the formation of a borate of bivalent samarium by meta- 
thetical reaction with samarous chloride SmCle. The product formed orange-red 
crystals.®” 


Europium 

Few specific properties of europium borates are reported. The three usual borates 
(1:1, 1:3, and 3:1) are formed. Euz0O3,B.O03 has a stable vaterite structure, and no 
polymorphism is found; it has the lowest m.p., 1540°C, of all the 1:1 lanthanide 
borates.°! It has the same ultra-violet-excited fluorescence spectrum band-width 
as the yttrium and samarium compounds.*! Sintering Eu2O3 with B2O3 afforded 
Eu203,B.03 and Euz03,2B203.1°8 ° Complexes with hydroxycarboxylic acids were pre- 
pared. Eu203,B203, although less stable to irradiation than the corresponding sam- 
arium compound®’, absorbs neutrons without altering its physical form (e.g. compacted 
powder).®® No ternary borates are found in the SrO-Eu,03—B2O3 system. The binary 
solid phases are EugO3B203 and Eu,03,3B203. 


Gadolinium 


Gadolinium is a very regular member of the lanthanides as far as its borates are 
concerned, and all general methods for their formation are applicable. Some work 
has been done on GdBOsg as a phosphor, doped with 2-3%% of europium. It has been 
shown that this phosphor shows emission spectra characteristic of europium, indi- 
cating that energy absorbed by gadolinium can be transferred to europium ions.®? 
The temperature dependence of the fluorescent emission of this phosphor has been 
studied.?* The crystal parameters of the 1:3 gadolinium borate have been derived; 
it is monoclinic.1*1 Its structure is similar to the corresponding samarium com- 
pound, 164170 


Terbium 


General methods of formation are used for terbium borates. The 1:1 borate 
shows no polymorphism.*! A study of terbium borates obtained from the Na,O- 
Tb2,03—B203 system shows that they are the least thermally stable of lanthanide 
borates.*® The 1:3 terbium borate has a rhombic structure; its crystal parameters 
have been studied.??? 
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Dysprosium 

This element forms the 1:1 and 3:1 borates, but no specific properties are reported. 
Its borates and mixed borates found are mentioned in the general section above. Meta- 
borates of Dy to Lu can be synthesized by reaction of the rare-earth oxide with molten 
sodium borate.'7° 


Holmium 


As with dysprosium, there is little specific to be said about the borates of this 
element, although the SrO—Ho203;—B203 system has been studied in detail and the 
compounds Ho,03,B203, Ho203,3SrO,2B203 and 2SrO,B2O3 are reported.®? The 
1:3 borate has not been reported. 


Erbium, Thulium and Ytterbium 
There is no record of the formation of the 1:3 borates. However, “oan 
borate is on record as having a calcite structure.”° 


Lutetium 


The 1:1 and 3:1 borates are formed by general methods, but there is no record 
of the 1:3 compound. After the series of 1:1 borates (Eu — Yb) in which no poly- 
morphism occurred, lutetium follows the properties of the lanthanides of lower 
atomic number and has a calcite structure below 1310°C and a vaterite structure 
above that temperature.*! Interatomic distances and other crystallographic and 
optical data have been determined for Lu2O3,B203. From these data, it has been 
shown that the metal atoms are each at the centre of a distorted octahedron of oxy- 
gen atoms, and co-ordinated to one randomly distributed oxygen.°° If lutetium 
replaces lanthanum progressively in LazO3,B2O3, the distorted calcite type structure 
of the latter becomes less distorted until the mixed compound La20O3,Lu203,2B203 
is formed, which is a hexagonal phase possibly having a dolomite structure.°? 

In the system BaO-LuTaO.,-B.2O3 there is a perovskite primary region phase 
consisting of crystals analysing Bao.925LUo.559 1 ao.s0003. This system is compared 
with the corresponding systems in which yttrium replaces lutetium.”* 


Hydrated Lanthanide Borates 


Hydrated borates of the lanthanides and yttrium (with the exception of Er, Tm 
and Lu) have been prepared by adding 0-1N borax solution to lanthanide chloride 
solution at pH 6-5-6:9. The centrifuged precipitate, washed with 2°% sodium chloride 
solution, is dried at 60°C to give a dry product analysing at Ln2O3,3B2.03,6H2O. 
Tetrahydrates (Nd, Gd, Dy and Ho) were obtained by drying at 80°C. The solubilities 
of the borates at pH 6 and 25°C are tabulated and show a decrease (La — Gd) 
and then an increase (Dy — Yb).°° The only other crystalline hydrated lanthanide 
borate on record is the mineral braitschite, which contains most of the lanthanides 
to varying extents, calcium as a major constituent and sodium as a minor con- 
stituent.?1° 

A cerium borate gel is formed by the reaction of borax on cerium ammonium 
nitrate.°1 The surface hydration of this gel, by using derived Hatchek’s equation, 
is about 80%, and this agrees with values obtained from syneresis and thixotropy 
determinations.°? 

A method of quantitative precipitation of gadolinium as metaborate has been 
used to determine small quantities of gadolinium.°* Lanthanum has also been 
determined as the 1:3 borate by using conductimetric methods.1° 


GALLIUM AND INDIUM BORATES 


Gallium and indium borates, GaBO 3 and InBOs, are known, as is the metaborate 
InBO.z whose spectra in solid and vapour states have been studied.1°°> High-pressure 
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methods were necessary for the synthesis of GaBO3.'°! InBO3 may conveniently be pre- 
pared in microcrystalline power form by heating In,O3, boric acid and alkali metal 
bicarbonate at 700°C for 2-3 days.°* Spectroscopic properties of the orthoborate ion in 
the InBO; single crystal have been measured.*?° In structure the indium borate InBO3; is 
quite comparable with many of the lanthanide 1:1 borates. The rhombohedral crys- 
tals°® have an aragonite-type optical behaviour®”’”® and exhibit no polymorphism.* 
Its lattice energy has been calculated®® and the force constants of the borate ion deter- 
mined.°° The infra-red absorption spectrum has been recorded.®’ InBO3 activated with 
small percentages of europium has a superior luminous efficiency to similarly activated 
lanthanide borates.?? No mixed borates of indium are recorded, but gallium forms a 
series of anhydrous compounds of the general formula Ln2zO3,3Ga2,03,4B203 where 
Ln=lanthanide.® A range of lithium galloborates was found in the LizO—-B,0;—Ga,03 
system??4; 128-8) and similar sodium compounds in the NazO-B203—Gaz2O3 system.}2?> 
129-31 Mixed gallium—bismuth and gallium-—iron borates have been made.®° There are 
no recorded hydrated borates of gallium and indium and no anhydrous borates of 
lower-valent gallium or indium. 


THALLIUM BORATES 


In the formation of thallium borates, anhydrous or hydrated, the thallium appears 
to be restricted to its most stable (monovalent) form. 


Anhydrous Thallium Borates 


The earlier edition (Mellor, V, 102) quotes the existence of the 1:1, 2:1 and 3:1 
borates. Later work added the 1:2 and 1:4 borates to these as well as substantiated 
thallium borates®?’?°°, but found noevidence for the 2:1 borate. Further work showed 
the existence of the 1:3, 1:5 and 1:9 borates, with still no evidence of the 2:1 borate 
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in the system *** (see Fig. 38). The 1:2 borate is quoted as existing in three allotropic 
forms.+?° The 1:1 compound has been prepared at high pressure and a calcite structure 
described.*®? The infra-red spectra’®> and mass spectra‘®® of thallium metaborate, 
TIBO., vapour have been studied. 

The inter-reticular distances and intensities have been measured from the X-ray 
patterns of all the thallium borates including the three (a-, 8-, and y-) forms of the 
1:2 borate.°°: +34 A detailed study of the «-form confirmed the presence of a meta- 
stable liquidus branch JD in the phase diagram (Fig. 38). Unlike the borates of 
Group II and the lanthanides, etc., thallous and boric oxides are miscible in all 
proportions, no doubie liquid layers being formed.1°? An investigation of the 
Tl,O-B,03 system showed that the cations are present in pairs, as with caesium 
glasses, and their distribution is subject to fairly rigid restriction, indicating a certain 
ionic order.1°? Lattice parameters of the orthorhombic crystals Tl;BO; and TIB;Oz 
have been determined.*°? T1;BO3 is hexagonal.1°? The stereochemical role of the lone 
doublet of thallium (I) in the thallium borate structure has been discussed.15* A new 
type of double oxide, TINbB.Og, has been synthesized and its structure investigated.®° 
The electrical conductivity of Tl,O—B2O3 glasses have been studied in the range 20- 
75 wt.-% T1,0.1° 

Thallium also forms hygroscopic, colourless crystals of the type M(B(SO.)2) 
by reaction of thallous sulphate with 2 molecules of boric acid and 6 molecules of 
sulphur trioxide?° (cf. borates of alkali metals and silver). 


Hydrated Thallium Borates 


Buchtala produced the following series of hydrated thallous borates: 1:1:1, 
1:2:2, 1:3:3, 1:4:4, 1:5:8 and 1:6:7 (see Mellor, V, p. 103). This work was re- 
peated by two Italian workers in 1938 using slightly different methods and obtaining 
somewhat different results.1°° They were unable to produce Tl,20,B203,H2O by 
evaporation of an aqueous solution of the borate, but did obtain it by double decompo- 
sition of sodium metaborate with an aqueous solution of thallous nitrate. The 1:2:2 
compound was formed by the older method as well as the straightforward double 
decomposition reaction, this time using borax and thallous nitrate. By following the 
procedure of Buchtala for the formation of the 1:3:3 borate but extracting with boil- 
ing water both 1:3:3 and the 1:2:2 compounds were obtained. The 1:4:4 and 1:6:6 
compounds were formed by following the Buchtala method for producing the former. 
Instead of yielding a mixture of 1:3:3 and 1:5:8, which is obtained by extracting with 
cold water, extraction with boiling water gave the 1:5:5 alone. Tl,0,6B203,6H2O was 
formed by using Buchtala’s method for the formation of Tl,0,6B.03,7H2O. This 
interesting series of compounds of the general formula Tl,0,x(B,03,H2O), where x= 
1-6, was explained by the more recent workers by the reluctance of the T1l* ion to 
hydrate, leaving the hydration to build up over the series at the same rate as the boric 
oxide.?°° 

In a more recent investigation of thallium borates, this series of borates was not 
found in the Tl,O-B,O;-H.2O system at 30°C, the compounds isolated being 
T1,0,5B.03,8H20, T1,0,2B.03,3H2O, T1,0,B203,nH2O and 3T1,0,B203,xH.O. 
These compounds were found by thermogravimetric and radio-crystallographic 
means and identified by crystallographic examination. The last two borates were 
also prepared from solutions of thallous carbonate and boric acid. Tlz0,2B203,3H2O 
dehydrates to 2H.O at 140°C and loses another molecule of water at 185°C; the 
anhydrous form is obtained at 280°C.?°° 

Further study of the Tl,O-B20;—-H.2O system?°’ shows the presence of 2T120,- 
5B,03,5H2O, which is apparently a stable hydrate up to 100°C. 

The interplanar spacings have been calculated from X-ray powder diagrams for 
L627 202, 1:23 and 225.8 hydrates; 

The restricted system Tl20,2B20;—H2O has been studied.*% 

The information on thallium borate hydrates is still in a somewhat confused state, 
which may be clarified by current work in this field. 
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BORATES OF GROUP IV 


BORATES CONTAINING SILICON 


Hardly surprisingly, silicon does not combine with boric oxide to form silicon 
borates, as they are both weak acidic oxides in the classical sense. They do, how- 
ever, combine in the presence of alkaline oxides to give complex series of metal 
borosilicates. These will not be discussed here and reference to them will be found 
included with the metal borate in question. In the field of glass technology (g.v.) 
the formation of glasses principally containing silica and boric oxide as a major 
constituent, together with small percentages of alkali-metal oxides and alumina, led 
to the development of the industry producing ‘Pyrex’ (Registered Trade Mark) 
brand chemical and heat-resistant borosilicate glasses. These glasses have very low 
coefficients of expansion (comparable to that of fused silica) but have melting points 
in the 1000°C region (compared with 1700°C for silica).?° 

Although no silicon borates are formed, an appreciable volume of work has been 
directed towards proving this and determining whether or not liquid immiscibility 
is to be found in the system SiO.—B,O3. Using the phase diagram and a simple 
solution model a sub-liquidus miscibility gap was estimated for the SiO.—-B,O3 
system. Gradient-furnace heat-treatments of selected compositions gave results 
corresponding closely with the predicted co-existence boundary, which showed a 
consolute temperature of 520°; this boundary was flat and symmetrical and extended 
across the complete binary? (see Fig. 39). This recent work seems to settle the con- 
troversy concerning miscibility or immiscibility in the system, but it does not con- 
firm the hypothesis that compounds could exist in it.1? The formation of two liquid 
phases was postulated previously, but for temperatures above the liquidus?*; other 
workers disagreed.'*-1®?3 Viscosity minima are shown at 5°% SiOz at 530°C, 5% 


1800 


Cristobalite + liquid 


1000 


Temperature (°C) 


Quartz + liquid 


x, (mole fraction B,03) 


Fic. 39.—Phase diagram for the system B203—-SiO2 


Solid line represents stable equilibrium; dashed line, calculated metastable two-liquid coexistence boundary. Points 
(@) represent observed temperatures for onset of miscibility 
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and 12% at 630°C and none at 800°C.'® Breaks are shown in all curves relating 
specific volumes, expansion, and freezing points to composition, at about the same 
molar percentage of B2Os, i.e. 42°%.19 

The following ternary or pseudo-ternary systems have been studied: 


Na2O-B203-SiOzg (refs. 20, 21, 22) 
Na20,4B2.03-Li2O,Si02,SiOz2g (ref. 1) 
CaO-B,03-SiO2 (refs. 23, 24) 
BaO-B2O3-SiOz (refs. 25, 26) 
ZnO-B.03-SiO2 (ref. 27) 
PbO-B203-SiOz (refs. 28, 29, 95) 
LizO-(Al,03—-Si02)B203 (ref. 28) 
PbO-(A1,03-SiO2)B2O03 (ref. 28) 


Compound formation in these systems is mentioned in the sections dealing with 
the appropriate metal borate concerned. 


TITANIUM BORATES 


There is, as yet, no evidence for the formation of hydrated titanium borates. A 
few minerals exist which contain titanium but they are not hydrated, e.g. warwickite 
3(Mg,Fe)O,TiO2,B,03 and ftitantourmaline where (R is mainly Ti in the general 
formula for tourmaline), (Na,Ca)R3(Al,Fe)sB3SigO27(0,OH,F).. 


Titanous Borates 


The simple 1:1 titanous borate (TiBO3) has been formed by gas-phase transport 
reactions in a sealed quartz tube at 900°C for 48 hours (see boracites, ref. 45).°° 
The borate was formed in hexagonal platelets, red-brown in transmitted light and 
greenish dark brown in reflected light. CrBO3 and VBOg3 have also been formed in 
the same way. Only small quantities of these compounds have been formed, apparently, 
insufficient for chemical analysis. Physical analytical methods show that the lattice 
spacings are very similar to those of Fe,;_,M,BO3 where M= Gea, Cr or Ti.?' These 
iron/titanium borates are isostructural with aragonite (cf. lanthanide borates) and 
are formed by reaction in a flux (comprising the oxides TizO3, BigO3, and B2Og3 in 
the molecular ratio 1:1:5) at 1200°C and annealing for some days at 900°C.*+ 

A double borate 2MgO,Ti.O3,B203 is also formed, in this case by electrolysis of 
the oxides in a molten-salt bath. Its crystallographic parameters have been deter- 
mined.°? 


Titanic Borates 


No simple titanic borates have been reported, but electrical properties of the 
TiO.-B,O; system have been investigated.* Titanium dioxide is soluble in boric 
oxide to the extent of 4:81 wt.-% at 1200°C*%? and in molten borax 10-86 wt.-% at 
900°C.%* In the case of titanium dioxide in borax the solubilities have been deter- 
mined over the range 730—972°C and compared with the solubility of rutile in potas- 
sium and lithium tetraborates.*5 Titanium dioxide only can be crystallized from these 
melts. However, the solubility does not agree with the Schroder equation for non- 
reactive solubility, thus indicating a vigorous chemical reaction.** 

By heating titanium dioxide in hydrogen at high pressures until 20-80% of the 
oxygen is lost as water, and then heating the oxygen deficient oxide with boron it 
can be incorporated into the lattice to give a compound which can be written 
TiOBo.4. This product forms part of a mixture suggested as a high-temperature 
wear-resistant material.°° 

The only true titanic borate known is TiO2,BaO,B203 or TiBa(BOs)2 which has 
a dolomite structure and forms a series of solid solutions with another member 
of the family, SnBa(BO3)2. The stability of this compound and others of the series 
has been discussed.2:?7 The BaO-TiO.—B.O; system has been examined by quick 


Refs. p. 629 


618 Boron 


cooling in water, natural cooling in air, natural cooling in a furnace and slow 
cooling in a furnace.*® A mixed nickel titanium borate, TiOz,5NiO,B2O3, has been pre- 
pared and found by single crystal X-ray analysis to be orthorhombic, as the mineral 
ludwigite.1*+ 

The following systems have been studied with no reference to a borate containing 
titanium as a solid phase: 


PbO-BaO-B.03-TiOzg (ref. 39) 
PbTiO;—PbZrO3-(50°%% PbO+ 50% B2Os) (ref. 40) 
PbNb2O,—-PbTiO3—(S0% PbO+ 50% BzOs) (ref. 41) (see Fig. 39) 
M.O,B.203+ (equimolar Mz0,6Ti02/M20,2B203) (M = K, Na) (ref. 123) 


No glass formation was found in any of the following systems*?: 


BeO-TiO.—B.203 
Al.O3-TiO2—-B203 
ZrO2-TiO2—-B203 
Ta,O;-Ti02-B.O03 
WO;-TiO2—-B2O03 


Crystallization in the systems 


PbO-B,O3-TiO2 
and 
PbO-TiO.-SiO.-B.203 
has been studied.** 


It is also recorded that undefined anhydrous titanium borates may also be formed 
by mixing boric acid with titanium dioxide or the metal at 1300-1450°C, droplets 
of the molten borate being collected in a container charged with ethoxysilane.7’ 
Borates of chromium, nickel, copper, zinc, zirconium, tin, tungsten and lead are 
also recorded as being produced in the above manner. 


ZIRCONIUM BORATES 


Anhydrous Zirconium Borates 


There is no evidence for the formation of a simple zirconium borate; it is, how- 
ever, reported that a hydrated zirconium borate ZrOz,B203,3H2O may be dehydrated 
at 400°C to give ZrO2,B203 but with 2-394 decomposition at 500-600°C.** It is 
unlikely that this anhydrous compound is sufficiently well-characterized to be defined 
as a true borate. 

Zirconia is soluble to the extent of 1:57°% in molten boric oxide at 1200°C 3? but 
does not react.** It is insoluble in fused borax (Mellor, V, 106). 

Two crystalline ternary zirconium borates have been reported. A lead borate 
PbO,ZrO2,B203 has been obtained as a solid phase in the system PbZrO3-(50% 
PbO+50% B2O;)*° and in the more complex system PbTiO;-PbZrO;-(50% 
PbO+50% B2O3) at 1000°C, the other phases being a glass and Pb(Ti,Zr)O3. 
Another method of preparation and the properties of PbO,ZrO2,B20;3 have been 
described.° The other borate, BaO,ZrOz,B2O3, has been patented as a good pigment 
(refractive index 1:77) for aqueous emulsion paints. It is formed by sintering stoi- 
chiometric quantities of barium carbonate, zirconium dioxide and boric acid at 
1050°C.*° The latter and other borates of the general formula M"¥Zr(BO3)2 (M@= 
Ca, Sr, Ba, Cd) crystallize from molten solutions. 

Crystallization in the systems Na,O-B,03;—ZrO2-SiO2 and Na,O—-Al,03—-ZrO.- 
S102 has been studied*’ and the former system shown to be capable of supporting 
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a large percentage (15-20%) of zirconia*® but still retaining its chemical resistance 
and clarity. No glass formation was found in the following systems??: 


BeO-ZrO2-B.03 
Al,O3-ZrO2-B20; 
TiO.—ZrO.2—-B203 
Taz,O;—ZrO.—-B2O03 
WO,;-ZrO2-B203 


Hydrated Zirconium Borates 


A hydrated zirconium borate has recently been formed and defined as ZrQOg,- 
B,03,3H20**, but as gels have been persistently formed in the past, it is advisable 
to await confirmation of it as a definite crystalline compound. It is produced by 
the reaction of one mole of ZrO(NO3)2,2H2O and two moles of borax in aqueous 
solution. It is reported that it loses 2 molecules of water at 200°C and that the last 
traces of water are lost by 400°C.** A gelatinous precipitate, presumably a basic 
zirconium borate, is formed at the same pH as the hydroxide, but the precipitation 
is delayed.*® According to the concentration of electrolyte in the system a stable gel or 
a gelatinous precipitate is formed. An excess of electrolyte favours the latter.°° The gel 
formed in the presence of moderate quantities of electrolyte has a ZrO2: Bz2O3 ratio 
of 3:2.°° Rate of syneresis is related to the quantity of added electrolytes and the 
addition of alcohols to the system.** In the case of added electrolytes, changes in 
depolarization, intensity of transversely scattered light and opacity have been 
studied showing that particles increase in size during and after gelation and are 
probably disc-shaped. Anisotropy increases only slightly under these conditions.*? 
Among other proportions, the extinction coefficient of zirconium borate gels has been 
determined.” 

More recently, the compound ZrOB,07,4H2O was obtained when ZrOCl, was 
treated with a saturated solution of H3;BOz3 at 30°C and pH=4.!?° It is converted on 
storage to Zr(OH)2B,407,2:5H2O but on heating to 1,000°C loses all four molecules of 
water. Later work by the same authors showed that a mixture of ZrO2 and B.Os3 re- 
sulted from heating to below 800°C, and that zirconium tetraborate hydrolysed to 
zirconia hydrate.1?° The adsorption of borate ions onto zirconium hydroxide has been 
studied by others.1®° 


HAFNIUM BORATES 
Hafnium borates do not seem to have been prepared. 


THORIUM BORATES 


An amorphous ThB,O; gel was formed by the reaction of aqueous solutions of 
thorium nitrate and borax, and could be transformed to crystalline material on heating 
to elevated temperatures.'>! Large single crystals of ThB2O; were obtained by reacting 
the parent oxides at 1300°C. Since neither ZrO2 nor UOz form crystalline compounds 
with B.O3 in this way, a basis for separation is suggested.1° ThB2O; was found by other 
workers to be an intermediate phase in the ThO2—B2O3 system.+°? It is monoclinic and 
melts at 1483+5°C to form two immiscible liquids, one containing about 98 mol-%% 
B.O3 and melting below 325°C and the other with 18-20 mol-°% B2O3 and melting at 
just under 1483°C. The ThO,-B2Oz3 system has been studied for areas of glass forma- 
tion.15° Earlier work had indicated a solubility of thoria in boric oxide of only 0:579% at 
1200°.154 

Hydrated thorium borates have not been characterized, but sols and gels have been 
studied.155-® The coagulum of a sol obtained by a cataphoretic method from borax and 
thorium nitrate had the composition 4ThO2,Th3(BO3)4. Electrolytes coagulated the sol 
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very easily, but glucose and glycerol had a peptizing effect. Optical studies of the gels 
showed that the particles continuously increase in size during and after gelation, 
although the anisotropy increases only slightly, and are probably disc-shaped.?°” Early 
studies had shown that precipitation of ‘thorium borate’ from solution was delayed, 
as with the corresponding zirconium situation.+®® 


GERMANIUM BORATES 


No germanium borates are known. A phase diagram for the GeO2—-B2O3 system 
has been prepared.°® Glasses are formed by all compositions of the two oxides®*’, 
and the properties of these glasses have been studied.°® °° 

The polarographic behaviour of germanium dioxide in molten borax at 820°C 
was Studied, and well-developed waves obtained to which iz=kN applied (where 
N=nmolar fraction of GeO.).©° Germanium has been obtained by electrode position 
from germania dissolved in molten borax.®! 

The expansion coefficients of the NazO—GeO.2—-B2O03 system have been investi- 
gated®® and the effect of adding germania to alumino-borate melts studied.°? The 
crystal structure of lithium borogermanate, Liz0,B.03,2GeOz2 has been determined.??2” 


TIN BORATES 


Anhydrous Tin Borates 


There is no record of the formation of simple tin borates of either valency state, 
but mixed borates such as nordenskidldine (CaO,SnO2z,B203) and others of the 
same general formula (MO,SnO2,B2O03) have been prepared and quite thoroughly 
studied. Ouvrard first synthesized the latter compounds (Mellor, V, 105) by passing 
stannic chloride vapour over a red-hot borate, or hydrogen chloride gas over a 
mixture of calcium ‘tetraborate’ and stannic oxide. Later syntheses were carried 
out hydrothermally in an autoclave by the action of stannic oxide and borax, on 
calcium oxide or carbonate in the case of nordenskidldine or the appropriate oxide 
or carbonate in the other cases.°* Borates of this form where M= Mg, Ca, Sr, Ba, 
Cd, Mn, Fe, Co, Ni have thus been prepared.” ?7: ®* and all appear to have a dolo- 
mite-type structure.?”: °*: °° Study of the structures suggests that the positions of the 
oxygens in MgO,SnO2,B203 and SrO,SnOz,B203 provides evidence for a small 
rotation of the (BO3)?~ triangles with respect to the ideal positions when the radius 
of M increases (Mg — Sr).°° The barium compound BaO,SnO2,B2O3 forms a series 
of solid solutions with the corresponding titanium compound BaO,TiO2,B.03.°” 
The conditions for the formation of the mineral hulsite (Fe,Ca,Mg)a(Fe,Sn)2- 
B20, have been determined® and its high-temperature formation discussed.** 

Well-developed polarographic waves are formed for stannic oxide in molten 
borax at 820°C ®°, but a degree of chemical polarization occurs during electrolysis.°® 
Stannic oxide is soluble in boric oxide at 1200°C to the extent of 0°82°9%.°° 

Trimethyltin metaborate, (CH3)3SnBOz, is formed by the reaction of silver meta- 
borate with trimethyltin bromide.!?° Properties, including spectra, have been recorded. 


Hydrated Tin Borates 


As with zirconium and hafnium, stannic borate gels are known. They are formed 
by mixing tin chloride or nitrate with sodium or potassium borate. The empirical 
formula Sn3(BOg)4, has been assigned to the gel.®” A gel (30% solids) formed by 
mixing 2 moles of powdered borax with 1 mole of SnCl4,5H2O in aqueous solution 
and adjusting the pH to neutral is recommended as a colour-stability improver for 
addition to soaps (0-003-—2°%).°® The SnClz—-Na2B,07—H20 system was studied and the 
composition of solid phases confirmed by infra-red spectra and thermogravimetric 
analysis.12® 

A patent describes the formation of copper, tin and zinc borates obtained by 
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treating the appropriate metal with an aqueous solution of boric acid in the presence 
of ammonia and air or oxygen. They are recommended as insecticides or anti- 
cryptogamics.°? 


LEAD BORATES 


Lead borates have been the most extensively studied borates of Group IV, partly 
because of the common use of lead oxide and boric oxide in glass formulations, but 
also because no other Group IV metal reacts so variously with boric oxide. The first 
edition of this treatise does not identify exactly any anhydrous lead borates and as 
far as hydrated lead borates are concerned, comment was ‘a few lead borates have 
been reported as precipitates formed by double decomposition, but so long as 
chemical analyses alone are available there will be doubts concerning the chemical 
individuality of the observed products’ (Mellor, V, 106). This statement has proved 
to be true, not only for hydrated compounds but also for the anhydrous lead 
borates and other borates. Methods of identification using X-ray powder techniques 
and other physicochemical methods have certainly rationalized the chemistry of 
these compounds. 


ANHYDROUS LEAD BORATES 


The first investigation of the PbO-B.O3 system”° to determine the areas of exis- 
tence of binary lead borates was carried out from ‘... data obtained from heating 
curves and microscopic examination without apparently holding compositions at 
crystallizing temperatures for prolonged periods of time’.”* Of the solid phases 
found by the first workers, PbO,B.03, PbO,2B,03, 2PbO,5B,03 and PbO,3B2Os, 
only the 1:2 borate was found in the system using the more sophisticated quenching 
method combined with identification of the crystalline phases by optical methods. 
Investigators using this method”! found, as well as PbO,2B2O3, the following 
borates: 


5PbO,4B.203 
«- and B-2PbO,B203 (polymorphs) 
a- and B-4PbO,B.03 (polymorphs) (see Fig. 40). 
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Fic. 40.—Phase diagram for the system PbO-B,O37* 
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In a later study of this type, in which breaks in a dielectric constant curve in addition to 
changes in absorption spectra were observed, the presence of three crystalline com- 
pounds was indicated: PbO,2B203, SPbO,4B203 and 2PbO,B203.1°7 In 1967 the sec- 
tion of the system PbO,2B,20;-5PbO,4B.2O3 was studied in greater detail, isolating three 
previously unidentified metastable monotropes, a-, B- and y-PbO,B2Oz and a further 
compound, 9PbO,8B.2O03.72 This area was said by the former workers to be an area in 
which metastable phases could exist. The phase diagram shows an area of two liquid 
phases in equilibrium, characteristic of so many borate systems, and the indications 
are that in the 1-19 mol.-°% B.Og3 range, metastable subliquidus and subsolidus two- 
liquid regions are likely to exist.’* In a later study of the miscibility gap in the PbO- 
B.O3 system, the temperature of phase separation was described as a function of 
composition.1?! The two phases were given as B2O3 and PbO,4B.03 The transitions 
can take place in metastable equilibrium with the crystalline phase. Melts in the PbO- 
B.O3 system crystallize if the molecular percentage of PbO is over 70; if the mol.-%% 
PbO is less than 21, milky glasses are obtained as a result of layering.’*’ 7° The tendency 
to supercool has been investigated.+3# 

Decomposition in the systems PbO-B2,O3 and PbO-—B2O3-SiOzg has been studied 
by conductimetric methods’® and the electrical conductivity of PbO-B2,O3 melts 
has been measured in detail.”” X-Ray diffraction studies of melts in the PbO: B20; 
ratio range of 4:0 — 0:33 showed that Pb—O bonds become more ionic by fusion 
of the crystalline borates and by increasing boric oxide concentrations ’®; but only 
in the case of S-4PbO,B203 does the configuration of Pb—O alter.”° The forma- 
tion of glass at the abnormally high PbO concentration of 94°% was explained in 
this way.”® The solid phases of the PbO-B,O3 system have been identified by X-ray 
diffraction techniques.2° A thermodynamic study of PbO-B2O3 melts has been 
made.°° Activities, partial molar enthalpies, entropies and free energies of the PbO- 
B.O3 system were obtained from e.m.f. measurements in cells at 750—1050°C.199 

The PbO-B,O3 system was studied by differential thermal analysis, as were the 
more complex systems‘*?: 


PbO-B,0;-TiOzg 
PbO-TiO2-Si02—B203 
PbO-ZnO-B,0O3. 


The structure of PbO-B.O3 glasses has been investigated and several types of 
BOgz units shown to be present.”? At low percentages of PbO, BO, units and Pb?* 
ions are common but are gradually replaced by BO3 units as the PbO concentration 
increases (15-20 mol.-°%) and PbO, pyramids form in place of Pb?* ions. The 
modifications of the BO 3 units referred to above start to occur above 30 mol.-% 
PbO.®! Other detailed studies of PbO-B2,O; glass structures have been carried 
out.* 59 82; 

The viscosity which increases with the addition of boric oxide, has been 
studied ®*:®> and the refractive indices and specific gravities®* of PbO-B.Oz3 glasses 
are reported. 

The formation of a lead borate at the interface of litharge and a borosilicate 
glass, and its immediate subsequent dissolution in the glass, have been postulated 
to explain the definite interaction observed between the two.® Surface tension of 
lead borate melts has received certain attention in relation to ‘crawling’ of ceramic 
glazes. Changes may be briefly summarized for PbO contents of 75-92°% by the 
following: 


75-82:5°% dy/dT negative) At temperatures between 
82:5-84%% dy/dT > 0 600° and 1100°C 
88-92°% dy/dT positive | (ref. 86) 
These surface tension anomalies of PbO-B.O3 melts have been reviewed.®” The 
heats of solution in 2N nitric acid of several glasses®*® and devitrified borates *®® in 
the PbO-B,O3 system have been determined. 
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Lead borates dissolve in polyhydric alcohols (e.g. ethylene glycol) to the extent 
of 55% or less to provide a borate solution stated to be suitable for coating metals, 
etc.°° When PbO or Pb3O, dissolves in molten borax to form a borax bead, thermo- 
chromatic reversibility is shown.°+ 

Many ternary and more complex systems have been studied and are summarized 


below. 


LizO—-PbO-B203 
Na,O-PbO-B.O3 
PbO-BaO-TiO.—-B.03 
ZnO-PbO-B.03 
CdWO,-—PbO-B,03 
Al,O3-SiO.—PbO-B2O3 
AlF3;—PbO-B.2O3 


PbO-Al,03-B203 
SiO.-PbO-B.03 


Fusibility diagrams plotted (950—1400°C). Densities studied, 
max. d.d=4-3. Refractive indices, chemical stability, 
thermal expansions and water resistance of glasses. (Ref. 92) 
Thermodynamic properties of PbO dissolved in molten 
borax, studied by e.m.f. of M|soln|Oz2 all at 720-820°C. 
Compound PbO,3Na,.0,6B.03 found. (Ref. 93) 

No borates identified as solid phases. (Ref. 39) 

See section on zinc borates (p. 572). (Group II refs. 375, 

439-43; see p. 590) 

4PbO,B.03 formed, but no ternary compound. (Ref. 94) 

Coeff. of expansion of glasses (solder). (Ref. 28) 

Vitreous, crystallizing and sintering regions determined. 

Suitable as optical glasses. (Ref. 38) 

Supercritical fluctuations. (Ref. 144) 

(a) 90% of system occupied by PbO,2B.0O3 and SiOz. 
Crystallization curves given together with field bound- 
aries and eutectic points. Stable, low m.p. glasses with 
high refractive indices. (Ref. 95) (See Figs. 40, 41) 

(b) Coefficients of expansion studied for glasses. (Ref. 28) 
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Fic. 41.—Phase diagram of system PbO-B2O3-SiO2°° 
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Fic. 42.—Average refractive indices of glasses in the system PbO-B2O3-SiO2°° 


(c) Investigated for decomposition reactions. (Ref. 76) 

(d) Detailed study of system; little change from previous 
work where > 609% PbO. Immiscibility (2 liquid) areas 
determined. Also areas of metastable immiscibility 
studied for system containing >40°% SiOe. (Ref. 29) 


SiO.-TiO.-PbO-B,203) Crystallization studies in these systems by application of 

TiO2.—PbO-B,O3 differential thermal analysis. (Ref. 8) 

TiO.—PbO-B.2O3 PbTiO3 crystallizes very well from this system. (Ref. 96) 

PbTiO + PbZrO3-(50PbO + 50B20¢ ee eget one sree aT 

PbZrO-(50PbO + 50B,0;) phase. See also zirconium borates (p. ie 

(Refs. 40, 45) 

PbO-WO3-B.203 15PbO,3B203,2WOz3 which melts congruently at 780°C, plus 
several binary phases. The system contains seven invariant 
ternary points. (Ref. 141) 


PbO-MoO;-B203 15PbO,3B,03,2MoO3 melts congruently at 772°C. System 
has six eutectics at 700, 620, 480, 510, 520 and 520°C. (Ref. 
142) 

PbO-V.0;-B2O3 Ternary compounds 12PbO,B.03,V20; and 20PbO,3B.03,- 
V.O; exist in the subsolidus region at 550°C. (Ref. 143) 

PbO-CrO;-B203 The melts show a tendency to glass formation. (Ref. 159) 


PbNb.O,—PbTiO3-— 1100°C. No borate crystallization reported. (Ref. 41) (see 
(SOPbO + 50B.203) Fig. 43) 
PbO-Bi,O;—B2O3 Zones of glass formation determined and structure dis- 
cussed. Very high refractive indices and dielectric constants. 
(Refs. 38, 97) (see Fig. 44) 


Nb,O;—PbO-B,.O3 Crystallizing surface of systems investigated at up to 


Pb-Bi—B,.O3 With increasing amounts of B.O3 metallic phase becomes 
richer in Pb. (Ref. 98) 
PbF.—-PbO-B2O03 Use of this system discussed as a medium for growing 


yttrium aluminium garnets. (Ref. 90) 


Electric conductance and structure of the molten systems. 


Ngee atc d: (Refs. 145-7) 


PbO-TiO2-B,2O3 
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liquids 


B,0; 25 50 75 Nb.Os 
Mol.°. (~1500°) 


Fic. 43.—Phase diagram for the system PbO-B203;—Nb20;*? 


Binary lead niobate phases A and B are unstable and decompose in the ternary system at 588 and 730°C, respectively 


PbO: B03 
[50°,,PbO + 50°,,B,0;] 
680°. 


PbTiO, 25 50 75 PbNb2O. 
(~1200°) Mol.°., (1350°) 


Fic. 44.—The system PbO:B,03;-PbTiO;-PbNb.O,; crystallization surface of solid 
solutions *? 
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PbO,B.O3. It was not until 1967 that definite proof of the existence of this com- 
pound was given.’? It was found to exist as three metastable monotropic modifica- 
tions in the PbO-B2O3 system. The interconversion of the three monotropes is 
shown below. 


> 420°C 
APNG AONE Gite, Wi A ie ae ee 


x 
_ho0-s30°¢ 
420°C slow — 460-500°C 


\ ° 
PbO,B.2O3 eae y-PbO,B203 530°C slow | Bete 
(aq. or spontaneous ; 
amorphous) / 
a-PbO,B203 


480°C 


X-Ray powder diagrams of «-, B-, and y-metaborates are recorded.”? An earlier 
investigation of the PbO-B,O3 system”! showed an area of metastability which 
was not at that time investigated. The existence of the 1:1 lead borate was postu- 
lated in an earlier investigation of the PbO-—B2O3 system which was later criticized 
for the non-attainment of proper equilibrium conditions.”° 

The theoretical energy of formation was determined by an investigation of the 
Pb|PbO,B.03|Pt|O.2 gas cell.1°° PbO,B,O3; melts have been used to grow good 
crystals of PbTiO;?° and are an excellent solvent for BaTiO;!°?, with which com- 
pounds are formed. 

The surface tension of a 1:1 melt is reported to be 100 dynes/cm. Optical absorp- 
tion data have been obtained for the PbO,B2O 3 glass.1°? Further properties of the 
glasses with PbO,B2O3 composition are referred to elsewhere (see above). 


PbO,2B.0;. This compound is the most easily formed compound of the system 
PbO-B,O;; it was isolated and identified in all the investigations of the system 7% 71°97 
and is the solid phase most likely to be crystallized from it at 2-83°% PbO. With 
silica it is the solid phase which predominates over 90% of the PbO-SiO,.—-B.O; 
system °°; it is also found as a solid phase in the PbO-ZnO-B,O3; system.?° 

The compound has been given a melting point of 768°C but another investigator 
mentions a slightly higher figure of 780°C.1°° Various thermodynamic properties 
have been obtained.*°°:?°° The thermodynamic data relating to the transition of 
crystalline PbO,2B.O3 to the glassy state at 25°C 1° 


AG = 16:7 kcal/mole 
AH = 22:8 kcal/mole 
AS = 20:2 cal/°C/mole 


suggests large structural differences between the glassy and crystalline states. 

The crystal growth of lead tetraborate from its melt has received detailed atten- 
tion.1°*-*° The effect of melt composition on growth rate can be explained in terms of 
the structural units present in the melt and their mobility near the crystal—melt inter- 
face.1°8-° Water affects the growth rate.1°° When trace amounts of CoO and SiO. 
were added to stoichiometric melts, each impurity in concentrations of 500 p.p.m. 
decreased the growth rate in the ¢ direction by approximately 40°%, while growth in 
the @ direction was unchanged.1*° The effect of dissolved tungsten carbide on growth 
spirals and hillocks was studied by scanning electron microscopy.+*° 

PbO,2B20; has been found to be isomorphous with SrO,2B203 (g.v.)+°’, and 
although only the latter compound has been studied thoroughly it may be assumed 
that in the lead borate as well all the boron atoms are tetrahedrally co-ordinated 
and have the unusual characteristic that some oxygen atoms are common to three 
tetrahedra.’°° It is classified in the order of three-dimensional lattice borates contain- 
ing double-ring structures.1°? X-Ray powder diagrams have been recorded.”?: 72: 8° 


PbO,3B.0;. This compound is mentioned as being a solid phase in a study of 
the PbO-B.O3 system”° and stated earlier (Mellor, V, p. 106) to be formed on fusing 
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lead carbonate and boric acid and leaching with water to remove unreacted boric 
oxide. It has not, however, been reported more recently, and no characterization 
by physical methods is recorded. 


2PbO,B20;. 2PbO,B2O3 exists in two polymorphic forms, the a-form being the 
primary phase in compositions containing from 87:3 to 88:0°%% of PbO, while the 
B-form does not appear at the liquidus.” Both forms are also found in a study of 
the PbO-ZnO-B.O3 system.*°* «-2PbO,B.03 melts incongruently at 497°C to give 
5PbO,4B203 and a liquid. 6-2PbO,B.03 apparently inverts irreversibly to the a- 
form at about 473°C." From X-ray data’? ®° the structure has been placed in the 
category of ‘non-ring borates with dimers of B(O,OH)3 triangles and B(O,OH). 
tetrahedra’.1°° 

In the system PbO-—Pb(BOz).2-CdWOu,, the latter component does not form a 
complex with the borates, but mixtures of 2PbO,B,03 and CdW0O, crystallize 
together.°* 


2PbO,5B203. The only reference to this compound is in the original study of the 
PbO-B,QO3 system7° on which some doubt has since been cast.”! 


3PbO,B203. By normal nomenclature this compound may be called the ortho- 
borate but no method of formation has been described. By thermodynamic calcula- 
tions, however, the heat of formation for the orthoborate has been estimated to be 
— 2-75 kcal/mole.*°° A 3:1 borate is mentioned as an ingredient in a magnetic 
composition also containing ferric, nickel and zinc oxides, but this may be a glass 
analyzing to the above formula.??° 


4PbO,B.0;. 4PbO,B.O3 is the primary phase (in the B-form) crystallizing from a 
PbO-B,O3 melt containing 88 to 91:7°%% of PbO and (in the a-form) from 91:7 to 
100% PbO."' The actual melting temperature of B-4PbO,B.O3 is confused by its 
transformation at about 552°C (maximum rate) and can only be estimated to be 
555°C. a-4PbO,B203 melts congruently at 565°C and probably does not revert to 
the B-form.’! These phases are also mentioned in some work on the PbO-ZnO-B203 
system?°* and also forms mixed solid phases with CdWO, in the PbO-Pb(BO z).2- 
CdW0O, system, as does 2PbO,B20s3 (q.v.). 

An n.m.r. study of crystalline lead borates and the corresponding glasses indi- 
cates little difference in structure, except in the case of B-4PbO,B.O3. 


5PbO,4B.03 and 9PbO,8B.0O3. Both these compounds have been identified in the 
metastable portion of the PbO-B2O3 system studied in detail in 1967.°° It appears 
that the 5:4 borate can be in metastable equilibrium with the 1:2 borate in one 
part of the system and with «-PbO,B.O3; in another; and both 5:4 and 9:8 borates 
can be in metastable equilibrium together, in another. The 9:8 borate is also found 
in equilibrium with a-PbO,B.O3. The 5:4 borate was identified as a diffuse phase 
in the earlier study of the system” and it is of interest that the samples of 5PbO,- 
4B.03 used in this study were later studied by X-ray techniques and reported to 
be more likely 9PbO,8B203.°° This was probably due to a slow reversion. Indexed 
X-ray powder diagrams are available for both compounds.’ The 5:4 compound 
is reported as melting incongruently at 548°C and the crystals as being doubly 
refracting.” 


6PbO,5B.0;3. This compound is triclinic, with d (calc.) = 6:183.1°° 


Anhydrous Lead Borates Containing Other Elements 
Sodium. PbO reacts with molten borax to give the compound 3Na,0,PbO,6B.03.°° 
Zinc. Three ternary phases were identified in tempered melts of the PbO-ZnO- 
B.O3 system: PbO,2ZnO,B.0;; 2PbO,ZnO,B203; 4PbO,2ZnO0,5B203.?°* +7" 
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Silicon. There are probably many lead borosilicates. However, only two have been 
specifically identified: PbO,3B203,SiO2 (which is converted into lead sulphate in 
the presence of sulphur dioxide at 550°C, to the extent of 159% 117) and SPbO,B.O3,- 
SiO. (which has an apatite structure?!%). X-Ray powder data and linear thermal 
expansion data for lead borosilicates in general are available.1+!* 


Zirconium. PbO,ZrO2,B203 crystallizes from the system (SOPbO+50B.03)- 
PbZrO3 at 600°C*° and from the more complex system (SOPbO + 50B,03)—PbTiO;— 
PbZrO, at 1000°C.*° 


Vanadium. If lead monoxide, carbonate or hydroxide is fused with vanadium 
pentoxide and excess boric oxide at 1000°C for several hours in stoichiometric ratio 
(Pb: V=1:1) 2PbO,V20;,B203 is obtained. If the ratio Pb: V=1:2, a compound 
PbO,V20;5,B203 with a 10% excess of V2O; is produced.??5 


Hydrated Lead Borates 


A variety of basic lead borates of variable composition are precipitated from 
borate solutions at high pH. The composition of the precipitates is related to the 
temperature, the concentrations of the constituents and the washing of the precipi- 
tate. A review of all earlier attempts to produce lead borates of definite composition 
stated that there was no evidence for the formation of a simple lead borate. All 
previous workers had produced basic lead borates and these were often contaminated 
with the precipitating agent, lead nitrate; washing to remove it only caused hydroly- 
sis.14® Somewhat later it was suggested that there were only two identifiable basic 
borates of lead produced by precipitation from borax solutions 117°118: 


(a) Lead nitrate added to 0-1m borax — PbO,B.O3,xH.O. 
(b) Lead nitrate added to 0-1m borax in 0.075—0:125M sodium hydroxide —> 
7PbO,2B.03,xH2O. 


An indeterminate compound which is probably a basic borate is formed by 
passing a current through the following cell?19: 


4 


NaCloO; : Borax 
aq. ‘aq. 


Pb Diaphragm Fe 


Slightly previous to the main work on the subject of the formation of charac- 
terized lead borates the following statements were made, based on experimental 
observations: 


(1) No evidence could be found for the formation of hydrated lead borates with 
B.O03: PbO ratio greater than one. 

(2) Lead borates precipitated from alkali borates adsorbed the latter. 

(3) The product formed from lead acetate and boric acid was not altered by the 
addition of ammonia, but if the lead acetate/ammonia ratio was kept constant, 
the precipitate approached a 1:1 lead borate if the boric acid was in very large 
excess.?2° 


Russian workers have extended the work on the production of lead borates from 
lead acetate and boric acid. They state that crystalline borates can be produced 
only at low pH values, i.e. using boric acid as the borate source.?°> The system 
PbO-B,O0;-H20 at 75°C has recently been studied®* +48-5° and the solubility of the 
solid phases 4PbO,5B203,2:°5H20, PbO,2B203,3H2O and 3PbO,10B20;,9H.O deter- 
mined. 
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The best-characterized lead borate with well-developed crystalline form is PbO,- 
2B,03,4H20. If a mixture of boric acid and lead acetate solution is vigorously 
stirred, with heating, for several days, grains of this borate crystallize at first as the 
acetic acid evaporates. Later the crystalline habit changes and long needles form. 
Alternatively, a mixture of lead acetate and boric acid in a 1:2 molar ratio may 
be ground together, moistened and left to evaporate, when fan-like aggregated 
crystals form. For larger quantities it is possible to start with a suspension of crystals 
prepared as described above and then to add small quantities of litharge and boric 
acid in the stoichiometric ratio; so long as there is plenty of ‘seed’ present the 
crystals will grow from these reactants.'°° 

The compound hydrolyses slightly in water and forms an opalescent solution 
(colloidal?) containing about 0:7 g/l, which on heating with hydrogen sulphide 
gives colloidal lead sulphide. Lead sulphide is also formed by reaction of a suspen- 
sion of the borate with ammonium hydrosulphide or sodium sulphide solution, 
ammonium or sodium borates being the soluble products.'?! The compound de- 
hydrates by losing the first water of crystallization between 50 and 95°C, forming 
a very hygroscopic compound. On heating between 130 and 170°C two more molecules 
of water are lost, and all the water is finally expelled at a temperature somewhat 
over 300°C. PbO,2B.03,4H2O has a density of 3-05 at 25°C.1° 

Another lead borate, 4Pb0O,5B.03,24H2O, is formed directly from the action 
of boric acid on litharge. Its solubility, heat capacity and some other thermo- 
physical properties have been determined.+?? 

Using as a starting point the 1:2:4 borate, two other lead borate hydrates have 
been formed: 


(a) The 1:2:4 borate is dissolved in hot lead acetate solution. As it cools PbO,2H.O 
crystallizes and the pH of the solution decreases; when the ‘hydroxide’ has 
precipitated, large crystals of indefinite form crystallize analyzing at 2PbO,- 
B.03,5H.2O, but a pure borate of this composition has yet to be formed.!° 

(b) A metaborate has been prepared by dissolving PbO,2B,03,4H2O in hot 10% 
lead acetate solution to which acetic acid has been added, and cooling. The 
compound PbO,B.03;,2H.O is formed. It loses 1 molecule of water on being 
removed from the reaction media. As yet, neither hydrate has been obtained 
in a pure state.?°° 
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BORATES OF GROUP VI 


Boron oxy-compounds of chromium, molybdenum, tungsten and uranium are con- 
sidered separately (Section A13). 


BORATES OF GROUP VII 
MANGANESE BORATES 


Anhydrous Manganese Borates 


There has been little published work on the production of simple anhydrous 
manganese borates since the work done by earlier workers and described in Mellor, 
V, 113. Good evidence then existed for the 1:2 and 3:1 crystalline compounds. 
Borates with ratios 3:2, 2:1 and 1:1 were not so well substantiated. With the excep- 
tion of the 3:2 borate all have been quoted in more recent publications. 

Paramagnetic resonance absorption of microwaves is shown by MnO,B.Oz at 
room temperature. MnO,2B.03, behaves in much the same way.”’*! The energies of 
formation of both MnO,B.O3 and the orthorhombic 2MnO,B.0O3 were calculated from 
the e.m.f.’s of the cell. 

Mni(liq.)| MnO, B203| Pt| O2(gas) 


and found to be —4-48 kcal/mole and —5-73 kcal/mole, respectively.* The 1:2 
borate is only slightly reduced bv hydrogen at temperatures up to 600°C. It has 
the capacity to absorb either by chemisorption or into the lattice appreciable quan- 
tities of hydrogen, quantities which increase as the temperature rises.°® 

A triclinic modification of 2MnO,B.O3; has been reported and is said to be iso- 
structural with the 2:1 iron and cobalt borates. This compound has been used 
as a catalyst for the production of polycarbonate resins’? and as damper to the 
luminescence of 2CdO,B.2O3 if used in quantities greater than | mol.-%.?° 

The orthoborate (3MnO,B.O3) has been studied??:?° to determine its infra-red 
spectrum, which suggests a dimeric arrangement of the (BO3)*~ ions; it is not known 
whether they are planar or pyramidal.'? Antiferromagnetism of the orthoborate has 
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been studied in conjunction with the 3:1 nickel and cobalt borates.*! It is also found as 
the mineral jimboite. 

The system MnO-B2O3 has been studied together with other metal borate sys- 
tems, but some doubt has been cast on the time allowed for equilibrium to be 
attained in these systems (cf. lead borates). The solid phases reported were MnO,- 
B203, MnO,2B203, and MnO,3B20;'? (see Fig. 45). Manganese diborate, MnB,O7, 
has an orthorhombic crystal structure with d= 2-87. Lattice parameters are given and 
magnetic properties described. 


Anhydrous Manganese Borates Containing Other Elements 


Liz0,2MnO,B.O3 is the only alkali-metal manganese borate synthesized as yet; 
it is formed by heating manganese oxide with an excess of LigO,B.O3. The reaction 
has been studied by differential thermal analysis and a crystal structure study 
carried out?® on the product. 

Strictly not a borate, but mentioned here because it contains manganese, boron 
and oxygen is Mn(Bz,O(OCO,CHs)s)2 which is formed from diboron oxide tetra- 
acetate and manganese acetate. The infra-red spectrum of this compound has been 
studied and magnetic measurements made, showing that it belongs to the octa- 
hedral high-spin type of complex.?* 

MnO,SnOz,B203 is synthesized in the same manner as many other bivalent 
metal tin borates by heating a manganese salt with tin dioxide and boric acid or 
borax in an autoclave.’® Its crystal structure (which is of dolomite type!®) and 
stability have been studied.?® 17> °° 

Manganese bromo- and iodo-boracites, 5MnO,7B,03,MnBrz aid 5MnO,7B2QOs3,- 
Mnl, have been synthesized from melts of the appropriate oxides and halides, and 
their crystalline structure compared with the chloroboracites.!° The mineral chamber- 
site is a chloroboracite containing manganese. It, and the other two mentioned 
here, may also be prepared by the method described earlier under magnesium 
boracites.?° 

The only anhydrous manganese borates not previously mentioned are the minerals, 
pinakiolite which is a substituted ludwigite and can be represented by the formula 
4(Mg, Mn"™)Mn.03,B.03 (cf. boroferrite), and kurchatovite, 6CaO,SMgO,MnO,- 
6B.203. 


Hydrated Manganese Borates 


The addition of manganese salts to borate solutions causes the precipitation of 
a variety of hydrated, non-crystalline manganese borates, the composition of which 
depends on the ratio of the reacting substances. Under the correct conditions two 
crystalline manganese borate hydrates, MnO,2B,03,9H2O and MnO,3B.03,8H2O 
have been formed. However, some of the apparently amorphous precipitates seem 
to have consistent composition and might be classified as true compounds. Their 
precipitation occurs at the same pH as precipitation of the hydroxide.21 MnO,3B2Os3,- 
7:5H2O has been described, but may be a solid solution (see below). The insolubility 
of the precipitates suggested a method of removing borate impurities found in Chile 
saltpetre; the precipitates could be used in paints and cosmetics.22 Manganese borates 
have been used as driers in paints and also in blowing linseed oil, for which a relatively 
impure borate is adequate; this may be made by treating iron-containing pyrolusite 
with sulphuric acid and adding borax to the extract to obtain the manganese borate.2° 

A detailed study of the formation of these variable compounds by metathetic 
reactions between borax solutions and manganese salts has been carried out.24 


MnO,B.0;,xH2O. Older references describe the formation of hydrated meta- 
borates by the slow addition of manganese sulphate solutions to borax solutions; 
their solubility and effectiveness as paint driers is also mentioned (Mellor, V, 112). 
Later work describes the formation of a metaborate of indeterminate hydration 
and having a MnO:B.Oz; ratio of 1:03. It was found that a ratio as near to the 
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metaborate ratio as this could be obtained by adding a solution containing 2 moles 
of manganese sulphate to a solution of 1 mole of borax and 2 moles of potassium 
hydroxide. Alkali/B2O3 ratios different from this produced manganese borates 
other than metaborates.2° The 1:1:3 compound was made from MnCl, and Na2B,0, 
in aqueous alkali halide media.®° A patent describing this latter technique has been filed, 
although using caustic soda rather than caustic potash.?° The thermal decomposition 
of the 1:1:3 amorphous hydrate has been studied.®” 


MnO,2B203,9H20. This is a well-defined crystalline borate, formed by a two-stage 
process. The first reaction is to produce a manganese borate approximately corre- 
sponding to 2MnO,3B203,xH20 by mixing equimolar (0-1M) solutions of borax 
and manganous chloride. After filtration, the precipitate is suspended in a 0:2m 
boric acid solution, containing sufficient of the acid to convert it into MnO,2B.Os,- 
xH.O, together with about 60°%% in excess to avoid hydrolysis of the product. 
Crystallization starting otherwise in 1—3 days, can be accelerated by seeding or 
agitation. By adding more reactants to the slurry and maintaining the pH at 7°5, 
further quantities of crystals can be obtained. Alternatively, the crystals are formed 
by hydrolysis of the hexaborate, MnO,3B203,8H.2O.?° 

The crystal structure has been determined and shown to be triclinic, with d (expl.) = 
1-8.32:33 The structure is composed of isolated polyanions of [B40;(OH),]?~ bound by 
Mn?* cations and intermolecular hydrogen bonds, the polyanions themselves consist- 
ing of BO, tetrahedra and BOsg triangles joined by apices to form 6-membered rings. 
The product is stable up to 50°C, but 6 molecules of water are lost between 50 and 70°C, 
producing a highly hygroscopic material. At 70-100°C a further molecule of water is 
removed and the compound loses its hygroscopicity. The last 2 molecules of water of 
crystallization are not lost until 350°C is reached. Hydrolysis is slow, equilibrium being 
reached after about a month. The presence of boric acid retards hydrolysis, but as the 
boric acid content increases the solubility increases. The crystals are stable in solutions 
with a pH range of 6-8-8-5.?° 


MnO,3B.03;,7'5H2O. Russian workers have studied this composition in detail.?*~° 
Thermal decomposition entails the formation of two intermediate pentahydrates, one 
crystalline and the other amorphous, and a crystalline anhydrous 1:3 product.%* 
Dehydration proceeds as a 0-Sth order reaction with activation energy of 13-16 kcal/ 
mole. In their latest work they regard the material to be a solid solution on the basis of 
D.T.A. curves and isomorphism with related iron and cobalt compositions.*°® 


MnO,3B.0;,8H.O. This borate is also formed in a two-stage process (cf. 1:2:9 
borate, above) by suspending the amorphous 2:3:x borate in warm 10% boric 
acid and vigorously agitating; the precipitate dissolves after an hour or two. The 
solution is then left to crystallize over a period of a day or two. Thin transparent 
platelets form which have a density of 1-94 at 25°C and have similar characteristics 
with respect to thermal dehydration, hydrolysis and solubility as MnO,2B20s3,- 
9H2O.”7° An alternative method, which produces a somewhat impure product, is 
to mix warm solutions of borax (~ 15°) with four times the molar concentration 
of boric acid and 1 molar proportion of manganous chloride, with rapid agitation; 
the mixture clarifies and, on standing, crystallizes.?° 
Infra-red absorption spectra of the hydrated hexaborates have been determined.®® 


Hydrated Manganese Borates Containing Other Elements 


Potassium and Ammonium 


If the amorphous 2:3:x borate, or the crystalline 1:3:8 borate mentioned above, 
is dissolved in a potassium polyborate solution (K20,2B203+H3BO3) and then 
allowed to crystallize, the compound K2,0,MnO,6B.03,11H2O is formed.?° This 
borate loses its water of crystallization in the following manner: 4 molecules are 
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lost at 105°C, a further 3 at 150°C, 2 more at 200°C and the last 2 by gradually 
heating to 300—450°C. It has a density of 2-01 and hydrolyses in water.?° 

By substituting ammonium borate for potassium borate, the analogous ammonium 
compound is formed, i.e. (NH4)20,MnO,6B203,11H2O.?° 


Borotartrates and Borotrihydroxyglutarates 

These compounds are formed by treating a manganese borate with a solution 
of an alkali tartrate or trihydroxyglutarate.2” The decomposition of manganese 
borotartrates on hydrolysis has been studied.?® 


Hydrated Borate Minerals Containing Manganese 


Sussexite 2(Mn,Mg)O,B203,H20 

Powerite (Mn,Mg,Zn)O,CaO,B.03,H2O0 

Axinite 2(Fe,Mn)O,2A1,03,4CaO,B203,8Si02, H20 
Tourmaline (Na,Ca)R3(Al,Fe)sB3SigO27(0,OH,F).4 


where R= Mn", Mg, Fe™, Fe™, Al, Li, Cr 


Seamanite 3Mn0O,B203,Mn3(PO.)2,6H2O. 
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BORATES OF GROUP VIII 


IRON BORATES 


Anhydrous Iron Borates 


Earlier work on iron borates (Mellor, V, 114) mentions only one synthetic an- 
hydrous borate having the formula 2FeO,Fe,03,3B2O3 and crystallizing from the 
lower layer of a fused mixture of ferrous oxide and boric acid. No further reference 
to this compound has since been made, although other ferrous, ferric and ferroso- 
ferric borates have been synthesized. Six borates of these types are known as well 
as mixed borates containing tin and vanadium; a ferrous boracite is also known. 
In addition to these well-defined borates an early reference indicates that the ferrous 
2:1, 5:1 and 6:1 borates are formed by fusing various proportions of ferrous 
oxalate with boric oxide at 1000—1400°C.° Fresh evidence for the formation of these 
borates as true compounds has not been forthcoming; it is possible that they were 
glasses, although the authors of this work quoted crystallographic data and sup- 
plied photomicrographs of the crystals.1 More recently still, a study of the Fe,.O.-— 
B2O3 system at 670-900°C has indicated Fe203,B203 to be the stable phase up to 
800°C, when the Fe,03:B2O3 ratio is between 0:25 and 2:6. At 750°C when the 
ratio is between 1:0 and 2:6 two phases exist, Fe203,B2.03 and 3Fe2,03,B20;3. Above 
a ratio of 2:6, only 3Fe.03,B203 and a-Fe20Oz3 exist. FeBO3; decomposes at 900—-920°C 
to give Fe,.03 and amorphous B.O3; if the reaction mixture is allowed to stand at 
910-975° for 2 days, FesBOg, is formed but no stable borate exists above 975°C.127 
Phase relationship within the Fe.0;-B2O3 system, with special relationship to single 
crystal growth of FeBO3 (see below) has also been described.'*° 

The system BaO-Fe2,0;—B203 has been studied to examine the possibility of 
obtaining crystalline magnetic materials. Such were found? but did not contain 
the borate radical.* Another system studied to determine the boundaries of crystal 
formation was LizO—Fe203—B203.° Glasses formed from molten borax and having 
iron contents from 3-3-8-11°4 were shown to be paramagnetic.® Electrolysis of 
ferric oxide dissolved in borax at elevated temperatures was characterized by chem- 
ical polarization.’ Well-developed polarographic waves were obtained at 820°C.® 


Ferrous Borates 


FeO,B.0,;. Although this compound is reported, together with 4FeO,Fe.0;3,B.03, 
to be present in the scales formed during the surface oxidation of iron-boron alloys 
containing 0:04-4-2 wt.-%% of boron at 800—-1000°C, the evidence may not be con- 
clusive.® 


FeO,2B.0;. This compound is formed under hydrothermal reaction conditions 
when ferrous oxalate and boric acid react together and the B,O3 concentration is 
allowed to fall to within the range 45-S0°%%. It is stable over the temperature range 
250—-700°C. It occurs as short columnar or prismatic crystals with a pink or yellow- 
orange coloration, when formed at lower temperatures; formation at 700°C gives 
colourless crystals. It has a density of 2:94.?° 


2FeO,B.O;. Both cobalt and nickel form a 2:1 borate, but there is no firm evi- 
dence that ferrous iron does. However, it may be significant that triclinic 2MgO,- 
B.O3 is quoted as being isostructural with manganese, iron and cobalt 2:1 borates.1? 
It is as a consequence placed in the structural group of non-ring borates with dimers 
of B(O,OH)s triangles and B(O,OH), tetrahedra (Fe.B205).*2 
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Ferroso-Ferric Borates 


4FeO,Fe.0;,B203;. This compound is the most easily formed of all the iron 
borates and corresponds to the mineral vonsenite in the ludwigite family of minerals. 
The preparation of 4FeO,Fe203,B203 has been carried out in various ways. Initially 
it was found by electrolysing sodium metaborate melts in a carbon crucible (which 
acted as a cathode) with an iron rod as an anode, at 950°C, for 1-2 hours at 25A 
and less than 7 V. On leaching the electrolyte with hot dilute nitric acid, crystals 
of Fes0, and 4FeO,Fe203,B2.O03 were left.1* The latter were shiny, black needles. 
They were also formed by heating a 2:3 ratio (by weight) of ferric oxide and an- 
hydrous borax together in an inert atmosphere at 1000°C and then extracting with 
3N nitric acid.** It is formed also under hydrothermal conditions of reaction, in 
the form of fine black acicular crystals, by heating ferrous oxalate and boric acid 
together under pressure. The field of existence under these conditions broadens as 
the temperature increases, e.g. at 250°C the borate is a stable phase at 0-5-2-:2% 
B2O03; at 700°C the range is 2:3-45°% B.O3.1° Further work has been carried out 
showing that minerals of the /udwigite-vonsenite series result by reducing slightly 
alkaline or neutral solutions.1® Oxidation of iron—boron alloys at 800—-1000°C 
results in the formation of a scale which protects the alloy from further oxidation 
and is said to consist of FeO,B,03 or 4FeO,Fe.,03,B.03.1° The formation of 
MgFe™Fe™BO; and Mg2.Fe™BOs;, members of the ludwigite series, is described.17 
4FeO,Fe.03;,B203 is attacked by dilute hydrochloric acid but less by sulphuric and 
nitric acids.1* The structure has been shown to contain BO; triangles, rather than 
BO, tetrahedra’, and a grouping such as: 


O 
awiton 
Fe 
ery, 
O 


GS 
B—O—Fe Fe (Ref. 14). 


It is considered, in the system of borate structures, to be a ‘tribasic monoborate 
with additional anions, in the order of insular borates’!?, a conclusion based on 
structural evidence of another worker.‘? A Mossbauer study of isomorphism in 
the ludwigite and vonsenite series has been made.°2 

An analogous compound with the ferric iron replaced by tervalent vanadium has 
been prepared by electrolysis of a molten borate mixture containing vanadium, 
ferrous and boric oxides, at 850-900°C. Crystallographic parameters are given 
for this compound, 4FeO,V203,B.03.?° 


Ferric Borates 


Fe.0;,B203;. The system Fe2,03;-B203-H2O was studied recently under hydro- 
thermal conditions in an autoclave at 250—-600°C. Three ferric borates were formed, 
one of them being Fe203,B203, another an indeterminate hydrate of it, and the 
third 3Fe,03,B2,03.2 Compounds very close to ferric 1:1 borate have been pro- 
duced from ferric oxide in a flux with the composition Me2O;: Bi,z03:B,03 = 
1:1:5 (where Me=Ga, Cr or Ti) at 1200°C; the product was annealed at 900°C. 
A range of products of the general formula Fe,2-.,)Me,03B203 was formed, e.g. 
(Fe;.gGao.2)03,B203.72 The X-ray diffraction powder diagrams of these compounds 
are virtually identical and have had their space-group assigned, showing that they 
have a calcite structure.2* Absorption bands characteristic of independent BOs and 
BO, groups exist in the infra-red spectrum of the borate.?% 89 128-9 

Considerable attention has been given to the magnetic and magneto-optical proper- 
ties of iron (III) borates, notably FeBO3. The technique of growing single crystals for 
the purposes of these studies is highly developed??°:1°°; methods for obtaining the 
polycrystalline orthoborate with optical transparency in the visible part of the spectrum 
have also been described.12°: 15? Antiferromagnetic resonance has been measured at 
4-2 K in the weakly ferromagnetic single crystal FeBO3.1°1~* The weak magnetization 
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was ascribed to a small canting of the antiferromagnetic sublattice!*+, Mdssbauer- 
effect measurements of the hyperfine interaction of the Fe nuclei were used in another 
study to examine the temperature dependence of sublattice magnetization.1*2 Magneto- 
elastic properties have also been considered.*#! 18° Nuclear magnetic resonance (n.m.r.) 
studies have been made on the single crystals+®*° 142 including reference to domain 
structure of FeBO3.1°9: +4° It was suggested that the domain walls are of the 120° Bloch 
type, lying a few degrees oblique to the basal plane.1*° Spin configurations of FeBO; 
above and below spin orientation temperatures were analysed by magnetic measure- 
ments and dopants found to induce a different spin configuration and orientation.14! 
Faraday rotation at 77 K has been measured.°! Raman scattering in FeBO; has been 
studied by several workers®®’ *#4~’, as have magneto-optical properties and the photo- 
magnetic effect. The susceptibility of ferric borate may be changed by exposure to 
radiation of 0:-4—-1:1 um at 77 K.+*®° Variation in the intensity of coherent X-ray 
scattering on subjecting FeBOg3 crystals to a magnetic field has also been observed.?4° 

Single crystals may be grown from melts containing borate ions and one or both 
of lead fluoride and lead oxide, such that Pb:(Pb+B.O3) is between 23 and 33 
mol.-% and Fe,03:(Fe203+ B2O3) is between 17:5 and 30 mol.-%. 


3Fe20;,B203. Black crystalline platelets of this compound are found on leaching 
a sodium borate/ferric oxide reaction product. Equimolar quantities of 3Na.O,- 
B.O, and ferric oxide are dried at 200°C, mixed, and heated at 1200°C for about 
18 hours in a normal atmosphere. The crystals remaining after leaching the melt 
have been studied in an attempt to deduce the structural formula?*, which can be 
described empirically as Fe3[BO,]O2 and placed in the same structural group as 
certain borates of Group V, e.g. Ta(BO,).1? It has an orthorhombic habit.2* 124 The 
borate is also formed under hydrothermal conditions. It is a solid phase in the sys- 
tem Fe,03;—B203;—-H2O0 between 250° and 600°C?! and may be formed by heating 
mixtures of y-FeO(OH) and boric acid, with or without water, in an autoclave at 
200-400°C.?° The stability of 3Fe.03,B.03 has been determined under various condi- 
tions.?° 


Anhydrous Iron Borates Containing Other Elements 


A compound FeO,SnO2,B203 has been prepared in an analogous manner to the 
calcium, magnesium, barium and manganese-stannic borates by hydrothermal 
reaction of ferrous oxide with stannic oxide and boric acid or borax.?” The crystal 
structure of an iron-cobalt borate, FeCoBO,, has been determined.??° The correspond- 
ing warwickite-type FeNiBO, has been made by hydrothermal synthesis at very high 
pressure.?°® Crystallographic and magnetic properties of the boroferrites, Fe2Os,- 
2MgO,B.03 and Fe.03,4Ni0O,B203 have been studied.’ 

5FeO,FeCl2,7B203, a ferrous boracite, may be formed in the usual way (see 
boracite) as well as the bromo- and iodo-analogues.?® 2° The phase transitions of 
the iodo-compound at — 40° to — 120°C have been studied; it exists in monoclinic, 
rhombohedral and orthorhombic phases.*! As with other boracites it has a three- 
dimensional lattice structure with no ring formation!?>®° and is best written 
Fe;(B7O,;3)Cl. A ferrous derivative of diboron oxide tetra-acetate has been formed 
by reaction with ferrous acetate. The compound Fe™(Bz,0(OCOCHSs)s)2 has had 
its infra-red spectrum studied and various magnetic measurements made. Analogous 
magnesium, zinc, chromium, manganese, cobalt and nickel compounds are formed.* 

The synthesis and structure of bismuth iron/aluminium borate has been dis- 
cussed; its formula can be written Bi2O3,3(Al/Fe)203,4B203, where the Al:Fe 
ratio is 11:9.81 The crystallization region of the system Y2O3;—Fe203—-50PbO,- 
40PbF.-10B.03 have been studied.®® 


Hydrated Iron Borates 


Amorphous precipitates of ferrous and ferric borates of indeterminate composi- 
tion are formed by the addition of ferrous or ferric salts to borax solutions (Mellor, 
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V, 114). A large number of papers have been written on the formation and proper- 
ties of ‘iron borate’ sols and jellies. Viscosity and pH changes have been studied 
during gel formation; explanations have been given for the rapid increase in vis- 
cosity and a 50% fall in the original hydrogen-ion concentration during the gela- 
tion period.®? Changes in viscosity and electrical conductivity with temperature 
during gel formation have also been studied.%*’ ** ‘Iron borate’. gels show that the 
Liesegang phenomenon is observable during the coagulation of a ferric borate 
sol with potassium chloride or sulphate. The influence of concentration of coagulat- 
ing electrolyte, time and temperature on syneresis of ‘ferrous borate’ jellies has 
been investigated.®° It is significant that the empirical formulae of gelatinous pre- 
cipitates formed when borax is added to ferric chloride solutions show Fe: B atomic 
ratios of 11:1 and 24:1%", leading to a conclusion that the boron may only be ad- 
sorbed on ferric/ferrous hydroxide gels. This is supported by the effectiveness of 
ferric oxide gels in removing traces of borate from brines and the possibility of 
regeneration of the gels by rinsing with carbonated water.°® The paramagnetic 
susceptibilities of colloidal ‘ferric borate’ produced by adding potassium borate to 
ferric chloride are higher than the separated solid ‘ferric borates’.%9 


Hydrated Ferrous Borates 


A well-characterized crystalline ferrous borate hydrate, FeO,3B,03,8H2O was 
first formed in 1960 by adding a ferrous sulphate solution in de-aerated water to a 
sodium borate solution (Na2O:B.03=1:4:3) and keeping the mixture in a carbon 
dioxide atmosphere for 3-4 days. The crystals had a density of 2:07, and their 
dehydration was studied.*® °° The same workers later synthesized FeO,3B203,7-5H2O 
and determined its structure.1°° D.T.A. analysis showed it to be a solid solution. 
Activation energies for the dehydration were calculated.1°° Infra-red absorption spectra 
have been measured.'°’ This compound is not found as a solid phase in the FEO-B,0.,- 
H.O system at temperatures between 250° and 700°C.?1° 

Further compound formation was studied by investigating the reaction of ferrous 
oxalate with boric acid (or boric oxide) under hydrothermal conditions. As the 
oxalate decomposes at elevated temperatures (250-700°C), this amounted to a study 
of the FeO-B20;—H2O system.?° Owing to the slowness of decomposition of the 
oxalate at lower temperatures in the above range, a synthesized borate was also 
used (6FeO,7B203,H2O) as an alternative saurce of iron. 2FeO,B203,H2O (analo- 
gous to ascharite, 2MgO,B203,H2O) is formed as white acicular and fine prismatic 
crystals. The field of existence narrows as the temperature increases. It occurs only 
in mixtures with vonsenite (4FeO,Fe.03,B203) in the system at 450°C. It does 
not exist at 500°C. It has a density of 3-61 and its optical properties have 
been studied.?° 

5FeO,10B203,4H20 is stable at 250°C but does not occur in the system above 
300°; at 250°C it is stable only in the range 25-5-50°% B2Os3. It exists as very small 
hexagonal platelets of golden coloration. Its density has not been determined.?° 
6FeO,7B203,H2O is analogous to the boracite family with Cl. replaced by 20H~-. 
It is stable in the system over the range 250—-650°C and at B.O; concentrations in 
the range 20-45°,. The crystals are cubic or octahedral and range in colour from 
light grey to yellow. The density is 3:52; optical data are recorded.° 

In a more recent study of the FeO-B,03;—H2O system at up to 250°C, three new 
borates were found: FeB,O7,2:5H20; FeBgQ10,4:5H2O; and FeB,20;9,5H20.!°! The 
compounds FeB,O,7, FegBi4027,H20, FesBOs, FeB,O7,0‘°83H2O0 and Fe.B.0;,H2O 
were all confirmed. A phase diagram was given. 


Hydrated Ferric Borates 


Ferric borates, Fe203,3B203,3H2O and 3Fe.03,4B.03,15H2O have been isolated 
as crystalline solids.4* A hydrothermal study of the Fe,0;-Bz,03;—-H2O system in 
the 250—600°C range between 30% and 70°% B.O; concentrations resulted in the 
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formation only of the indeterminate hydrate Fe.03,B203,nH.2O. This compound, where 
n=1, 2, 3 or 4, has been prepared by the ‘indifferent component method’ from Fe.0z3 
and Na or K tetraborates in the presence of NaCl or KC1.1°?: 1°? The same workers had 
previously reacted FeCl3 with borax to form 3Fe.03,2B203,l10H2O which aged to the 
hexahydrate.'°* The other borates formed in this system were anhydrous (see above ”°). 


Iron-Containing Borate Minerals 
Warwickite 3(Mg,Fe)O,TiO2,B203 (Mg > Fe). 


Ludwigite 4MgO,Fe203,B203 and structurally similar minerals such as paigeite 
(vonsenite) and hulsite. 
Lagonite 2Fe,03,3B203,3H2O (may be a mixture). 


Tourmaline (Na,Ca)R3(Al, Fe)gB3Sig027(0,OH,F)4 and associated minerals (R = 
Mg, Fel, Fe, Al, Li, Mn” or Cr). 

Axinite 2(Fe,Mn)O,2A1,.03,4CaO,B203,8Si02,H2O and associated minerals. 

Sappihrine 9MgO,10(Al, Fe,B)203,4Si02. 

Grandidierite 2Na2,0,4FeO,8(Fe,Al,B)203,5SiO>. 

Kornerupine (Mg,Fe™,Fe"™,Al)4o(Si,B)igOge. 

Homilite 3(Ca, Fe)O,B203,2SiOz. 

Dumortierite (Al1,Fe)7O3[BO3][SiO.4]3. 


COBALT BORATES 


Anhydrous Cobalt Borates 


Since the original edition of Mellor only one new simple cobalt borate has been 
synthesized, namely 4CoO,B.03.*2 A cobalt borate analogous to ludwigite has been 
formed containing both Co?* and Co?*, and may be written 4CoO,Co203,B203.*° 
A number of ternary borates containing cobalt have been synthesized. 

The CoO-B,O3 system has been studied in detail. The only solid phases found 
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Fic. 46.—Phase diagram for the system CoO-B.O3.** Note that region designated as Liq+ 
2CoO,B203 does not obey phase rule theory 
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Fic. 47.—Revised form of phase diagram for the system CoO—B203*° 


are 2CoO,B,0;3 and 3CoO,B203.**-® The eutectic temperatures between B2O3 and 
2CoO,B203, 2CoO,B203 and 3CoO,B.03, and 3CoO,B,0; and CoO were 900, 
1080 and 1205°C, respectively.4* A compound in the system was discovered, by 
examination of the previous work,** which had the peculiar property that it de- 
composed, on heating, into two immiscible liquids (see Fig. 46).4° Two-layer forma- 
tion is found in the system between 55°%% and 95-39% B2Og (see Fig. 47).44 On cool- 
ing the system it densifies at a very rapid rate by a solution-precipitation process 
in which the liquid wets the solid and penetrates easily between the grains that 
crystallize.*” 

Well-developed polarographic waves were obtained from cobaltous oxide, as is 
the case with many other oxides, in molten borax at 820°C.7:® Mixtures of this 
oxide in molten borax were studied, together with the system 2CoO,B2,03;—B2Os, 
to determine magnetic susceptibility values, which showed smaller maxima than 
equivalent measurements in the NiO-B.O3 glasses.*® Antiferromagnetism has been 
studied in cobalt, iron and nickel borates.*? The state of Co?* ions in potassium 
borate glasses has been investigated.°° 

A 1:3 ‘cobalt borate’ has been reduced with hydrogen at 750°C with 90% effi- 
ciency according to the equation CoO,3B,03 + Hz — Co+ H20+3B.03. At 500°C 
the efficiency drops to about 34%. The cobalt formed adsorbs hydrogen.*? 


2CoO,B.03. <A detailed investigation of the CoO-B,O3 system, using thermo- 
graphic, micrographic and X-ray determinations, showed the presence of 2CoO,. 
B2O3 as a solid phase with a congruent melting point of 1150°C.** It has also been 
found present as a minor phase in the reaction between boric oxide, Co3;0., and 
cobaltous and sodium chlorides at 1000°C, in which the principal solid phase was 
cobalt ludwigite (4CoO,Co203,B203).42 The compound is triclinic with a 2(2CoO - 
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B3O3) unit cell. The borate ion, (B205)*~, is present, having a structure, based on 
a determination of interatomic distances, of the following form: 


O O 
ve 

B—O—B (Ref. 52) 
ae 

O O 


The cobalt atom is hexa-coordinated to oxygen atoms in the form of a deformed 
octahedron.°*? It is isostructural with 2MgO,B.2O3 (triclinic modification) as are the 
corresponding manganese and ferrous compounds.?? 


3CoO,B.03. If cobalt and boric oxides are heated together in a 3:1 ratio in a 
zirconia crucible, needle-like crystals of this borate form on cooling.°* The com- 
pound is also found in the CoO-B2O3 system, in which its crystallization area has 
been determined by various physical methods. ** *° 

The crystals are orthorhombic and isomorphous with the magnesium borate 
mineral kotoite (3MgO,B.O3).°* A neutron diffraction study of 3CoO,B.O3, syn- 
thesized from ‘1B instead of }°B because of the large capture cross-section of the 
latter, showed that it was antiferromagnetic below 37 K. Magnetic reflections have been 
indexed and the magnetic structure discussed.°° The antiferromagnetism of this com- 
pound was also compared with that of manganese and nickel for 3:1 borates.°® Its 
infra-red absorption spectrum has been studied.°’ The compound has BO groups in its 
structure, and the cobalt ions have a coordination number of six (cf. 2CoO,B.03)**; 
on this basis the borate is placed in the ‘order of insular non-ring borates with inde- 
pendent polyions’.+? 


4CoO,B.O0;3. By dissolving cobaltous oxide in alkali borates and cooling slowly, 
long needle crystals are obtained after leaching out the excess alkali borate with 
dilute nitric acid. The crystals are paramagnetic at room temperature and a unit 
crystal contains two 4CoO,B.O3 units.*? 


Anhydrous Cobalt Borates Containing Other Elements 


Of the alkali metals only lithium is known to form a mixed borate, LiCoBOs, 
with cobalt. It may be prepared by heating equimolar quantities of cobaltous oxide 
and LiBOg at 770°C in an atmosphere of nitrogen; if an excess of lithium metaborate 
is used it can be prepared in contact with air at 1000°C.°° A differential thermal 
analysis of the process has been carried out in conjunction with similar studies on 
lithium manganese and lithium zinc analogues.°? X-Ray data for the borate, and 
its crystalline structure, have been investigated and shown to be similar to 3CoO,- 
B2O3.°8 

No Group II or Group III donor cobalt borates have been synthesized since 
Ebelmen and Mallard’s work on magnesium cobalt borates (Mellor, V, 114), with the 
exception of the mixed metaborates of lanthanum or samarium, CoLa(BOz); is tri- 
clinic, d (expl.) = 4:2.12°°156 The structure has infinite chains of [B;0;0]°~ radicals com- 
posed of three B tetrahedra and two B triangles, and the preferred formula is LazCoz- 
[BgB4020]. The compound CoSm(BOz); is orthorhombic, d (expl.)=4:70 and m.p.= 
1080°C.1!21 In Group IV, the compound CoO,SnOz,B203, of dolomite structure®” ®*, has 
been synthesized and its stability discussed.®!’ ®?:°” The cobalt analogues of vonsenite 
(4FeO, Fe,03,B203) (q.v.), 4CoO,V203,B20s3, 4CoO,Fe203,B203 and 4CoO,Co020s,- 
B.O; have been prepared. The first of these is synthesized by electrolysis of a molten 
mixture of the constituents at 850—900°C.?° By heating a mixture of Co30,4, cobalt- 
ous chloride, boric oxide and sodium chloride at 1000°C, 4CoO,Co203,Bz2O03 is 
formed together with minor quantities of 2CoO,B2O3 and cobalt boracite.*® The 
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structure of 4CoO,Co203,B203 has been compared with that of natural ludwigite 
and the former’s vanadium and ferric analogues.** The crystal structure of CoFeBO, 
has been determined.!?° The cobalt boracite is prepared by the standard method, en- 
tailing the volatilization of the components using a water-vapour, hydrogen-halide or 
hydrogen carrier at 300°C under pressure when the compound forms on a cold surface 
introduced into the pressure vessel.?® The dielectric constants and piezoelectric proper- 
ties between — 100 and 370°C of cobalt boracites 5CoO,CoX2,7B203 (where X= Cl, 
Br, I) have been determined.**® ®* The dichoism and birefringence in the cobalt-iodine 
boracite are about three orders of magnitude lower than in the nickel-iodine ana- 
Jogue.?® 

As with many other bivalent metals, cobalt also forms Co(Bz,0(O0COCHs)s)2 
from diboron oxide tetra-acetate and cobalt acetate.* 


Hydrated Cobalt Borates 


The only simple hydrated cobalt borates with a well-defined crystalline structure 
are CoO,3B.03,8H20 and CoO,3B203,10H2O. Other borates of varying CoO: 
B,0O3:H2O ratios are obtainable as powders by reaction of a cobalt salt with a 
solution of borax, the ratio depending on the molar ratio of the metal salt to borax, 
the temperature and the concentration.®* A fairly well-defined 1:1 borate is formed 
when equimolar quantities of cobaltous chloride solution (0-1M) react with a borax 
solution (0:1mM). The precipitate separated from this reaction mixture is an amor- 
phous pink powder having a hydration of 3H2O when fresh but changing to 2H2O 
on ageing.®°-° The formation of CoO,B203,nH2O has been postulated as the cause 
of the change of structure of the double layer causing polarization of a cobalt- 
plated cathode when boric acid is added to the cobaltous sulphate electrolyte.°’ 


CoO,3B.0;,8H20. As with other ‘hexaborates’ of alkaline earths and heavy 
metals the cobalt hexaborate may be prepared by heating a solution of cobalt 
acetate with boric acid in the stoichiometric proportions. The reaction is slow and 
depends on the evaporation of acetic acid, the borate replacing the volatile acetate 
radical.°* This procedure can be accelerated and reduced to a one-stage process 
by a reaction according to the following equation: 


CoCl, an Na2B,07 == nH3BO3 Sis xH,O > 
CoO,3B203,8H20 + 2NaCl+ (7 — 2)H3BO3 + (x — 5)H20. 


The crystals are not formed immediately, the first precipitate having a 3:1 CoO: 
B2O3 ratio; this precipitate transforms on stirring for 1-2 days into CoO,3B203,H20 
and may be isolated as a friable pink powder.®* This borate loses 2 molecules of 
water of crystallization at 5O°C and therefore must be dried at low temperatures. 
Above 50°C the hexahydrate is stable until 105°, but extremely hygroscopic; be- 
tween 105° and 150°C it is not hygroscopic but loses 4 molécules of water. The last 
2 molecules of water are lost at about 450°C. The compound has a density of 2-0 
and is decomposed in water, but dissolves to the extent of 5 g/l in a 3% boric acid 
solution and 7 g/l in a 5% boric acid solution without hydrolysis.°* The 7-5 hydrate is 
believed from D.T.A. curve evidence to be a solid solution.1°°® A study of the thermal 
decomposition of bivalent iron and cobalt hexaborates has been carried out.°? The 
mobility of the anion of a solution of the borate in 39% boric acid is 16:2 mho/cm? at 
25°C.°8 Infra-red absorption spectra have been determined.1°’ 


CoO,3B,03,10H2O. A recent study of the preparation and properties of this 
hydrate has been reported.%° Its structure is composed of sub-units of Co(H2O)s- 
[Bgs07(OH)g].217 Thermal decomposition has been studied.?!® 


Hydrated Cobalt Borates Containing Other Elements 


Ammines have been formed with the borate in the anion and cation. If the com- 
pound [Co(NOs)3NHs3)3] is reacted with sodium metaborate solution at 45°C, 
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ammonia is evolved. On cooling the solution a purplish-grey precipitate is formed 
which is very slightly soluble in water (0-3 g/l), having the formula Na2[Co(BO.)s;- 
NHs], i.e. sodium cobaltiammonioborate.°? To obtain a product which has a cation 
containing the borate radical, the ammine hydroxide [Co(H20O)(NH3);](OH)s is 
treated with boric acid at 70—-100°C, when [Co(BO.)(NH3)5]Cle is formed with the 
exchange of the hydroxyl groups for chloride.’° In addition to these ammines a 
well-defined ammonium cobalt borate, (NH.4)20,CoO,6B203,11H2O has also been 
synthesized. Solutions of ammonium hydroxide, boric acid and cobalt chloride 
are mixed together in 20:9:5 molar ratios and agitated vigorously, precipitation thus 
being avoided. On keeping the solution for 1 day a crop of crystals of (NH4)20,CoO,- 
6B203,11H2O is obtained. It has a density of 1-96 and is decomposed by water. It 
decomposes, losing 8 molecules of water and all the ammonia, at 150—200°C, but 
needs to be heated at 450°C before losing the remaining 3H20.°* The potassium 
analogue of the above ammonium salt is formed in exactly the same manner by 
substituting potassium hydroxide for ammonium hydroxide as one of the reac- 
tants.°* The compound K20,CoO,6B203,11H2O crystallizes well at pH 7-8 but at 
pH 6:0, CoO,3B203,aq. is formed, and above pH 8, CoO,B203,nH2O precipi- 
tates.”1 The crystal structure of potassium-cobalt hexaborate has been determined as 
K.Co[Bg0O7(OH)¢]2,4H2O0.11819 It is triclinic. 


NICKEL BORATES 


Anhydrous Nickel Borates 


The NiO-B,O3 system has been studied and found to have the common charac- 
teristic of many metal-borate systems of forming an extensive two-liquid region. 
This immiscibility covers the range 1:64—-59-5 wt.-9% NiO; on cooling, 2NiO,B.O3 
crystallizes from the lower layer.” 

The systems Na2,0,2B,03—-NiO, K20,2B203;—-NiO, and Rb,O,2B,03—NiO have 
been studied in the range 700-1200°C. All show simple eutectic properties with 
eutectic temperatures and component percentages, respectively, as follows: 735+ 
5°C, 3 mol.-% NiO; 788+4°C, 4 mol.-% NiO; 710+5°C, 2 mol.-% NiO. The 
phase boundaries between liquid and liquid + NiO fields have been experimentally 
determined and compared with the calculated values, and found to be nearly 
theoretical except for the Na,O,2B2,0;-NiO system, which deviated slightly.”° 
Another worker has obtained 2NiO,B.O3 and 3NiO,B.O3 by cooling a NagO~-B2O3 
system containing NiO.7? 

In common with other oxides, nickel oxide in molten borax at 820°C shows well- 
developed polarographic waves.® Chemical polarization occurs during electrolysis.” 
Nickel borates as well as magnesium and zinc borates have been used to the extent 
of 0:-6% as condensing agents in the reaction between phenols and formaldehyde.’* 


2NiO,B,0;. This borate crystallizes, as mentioned above, from the NiO-B2O3 
and NiO-Na,O-B.O3 systems. It may be prepared more specifically by fusing equi- 
molar quantities of nickel sulphate and borax in a platinum crucible for 2 hours 
at 800°C, cooling and leaching out the excess sodium borate with concentrated 
hydrochloric acid. The crystals produced can be reduced by hydrogen at 450- 
610°C to give nickel, in a form capable of adsorbing hydrogen. A lower oxidevof 
boron is not formed under these conditions.”° 
2NiO,B,0; has been shown to be paramagnetic.*? 


3NiO,B,0;. Like the 2:1 compound, 3NiO,B2O3 is formed as a solid phase in 
the NiO-Na,O-B.O;3 system.’2 Green needle- and lamina-type crystals have been 
obtained from nickel boracite melts. The crystal parameters are in close agreement 
with magnesium and cobalt 3:1 borates. The space-group has been determined; 
it corresponds with a rhombic bipyramidal structure.”° Crystal structure was refined in 
later work.1?2 


Refs. p. 647 


646 Boron 


The infra-red spectrum of 3NiO,B.O3 varies, according to whether the borate 
has been freshly prepared or kept.’” Antiferromagnetism has been studied, especi- 
ally in the 3:1 borates of manganese, nickel and cobalt.*° 


4NiO,B.03. Like the cobalt and cupric borates, nickel also forms a 4:1 borate. 
By dissolving nickel oxide in alkali borates and slowly cooling, long needles of the 
‘boroferrite’ crystallize. Its lattice parameters have been determined.?2 


Anhydrous Nickel Borates Containing Other Elements 


Nickel boracites, SNiO,7B203, NiX2 (where X=Cl, Br and I) have been prepared 
by using the vapour-phase method mentioned elsewhere (especially under mag- 
nesium borates)?° and also by hydrothermal methods.°® Very pure single crystals 
of SNiO,7B203,Nil2, up to 10 mm in their longest dimensions, have been grown by 
a chemical transport method.’® Sector growth and twinning of nickel boracites has 
been studied.”° Dielectric constants and dielectric losses have been measured at 
100-370°C and between 50 kHz and 50 MHz (cf. cobalt boracites), and showed 
some anomalies. The piezoelectric properties were studied during this investiga- 
tion.®° The ferromagnetic behaviour has been studied at temperatures below 64 K.7® 79 
Rotation diagrams showed a slight hexagonal component in the (111) plane of the 
crystals. In the (100) plane, however, large tetragonal torsion moments were re- 
corded having frequency discontinuities. This behaviour can be only partly ex- 
plained on the basis of ferromagnetic domain-wall motion.”® The temperature 
dependence of the paramagnetic susceptibility of the nickel iodo-boracite has been 
investigated.®? ®% Nickel iodide boracite has cubic symmetry above 120 K and shows 
intrinsic optical anisotropy at room temperature.°° Another study of the optical 
anisotropy of this compound showing the relation to quadrupole transitions has 
been made.*°° The structure is the same as that of B-magnesium boracites. 

Magnetic susceptibilities have been determined for the nickel analogue of lud- 
wigite 4NiO,Fe203,B2037* °° in the range 0-1100°C; above 1100°C the compound 
decomposes. Feg032NiOB2Os3, which has a warwickite structure, has been prepared by 
hydrothermal synthesis at very high pressure.?°® Both NiO,SnO2,B.O, and NiO,TiO.g,- 
B2O3, which have dolomite structures, have been synthesized®® §!; the latter forms a 
series of solid solutions with BaO,SnOz,B.0;.°! Their stabilities have been discussed.® 
The structure of SNiO,TiOz,B203 was determined by single-crystal X-ray analysis.111 
The compound is orthorhombic, with the same structure as ludwigite. 


_ Hydrated Nickel Borates 


Amorphous borates of various compositions are formed by the action of a nickel 
salt on borax solutions, the NiO:B.O3 ratio of the product depending on the 
exact conditions of the reaction.°* Manganese, cobalt and nickel all form octa- 
hydrated 1:3 borates. The cobalt compound is the only truly crystalline borate, but 
nickel forms another well-defined crystalline 1:3 borate hydrate. Complex salts 
containing tetra- and hexa-amminated nickel ions are easily formed, and it is sug- 
gested that 6 of the molecules of water of crystallization in NiO,3B,03,8H2O form 
a complex ion with the nickel, [Ni(H2O).]?* which may be substituted by ammonium 
molecules with comparative ease.®° 

The compositions of sparingly soluble compounds precipitated by alkali from 
solutions of nickel salts in the presence of boric acid have been determined.2® When 
nickel sulphate is titrated with sodium hydroxide in the presence of boric acid, a 
complex borate xNiSO.,yNi(OH)2,zH3BO3 is formed, which refutes the theory 
that the boric acid is present only as a buffer. A relationship between pH and the 
boric acid concentration was found.®” 


NiO,3B20;,8H20O. In contrast to the other heavy metal hexaborates, NiO,3B.O3,- 
8H20 could not be prepared by displacing acetic acid from nickel acetate and sub- 
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stituting the borate group.®* A precipitate (2NiO,3B203,xH.2O) formed from equiva- 
lent quantities of a nickel salt and borax, in decinormal or greater concentrations, 
may be dissolved in a supersaturated boric acid solution, from which, over a period 
of 2-3 days, the 1:3:8 borate crystallizes. Alternatively, it may be formed in an 
analogous fashion to the corresponding manganese and cobalt hexaborates. Equi- 
molar quantities of a nickel salt and NazO:4B.O3 solution are mixed slowly with 
stirring; after 2-3 days of continual stirring a 60-70% yield of NiO,3B,03,8H2O 
is obtained as thin hexagonal platelets. The manganese and cobalt hexaborates 
are isomorphous, but the nickel hexaborate differs somewhat.** 

The density is 1-70, and on fusing it forms a very hard glass. It hydrolyses in water 
and is slightly soluble in boric acid solutions. All the water of crystallization is lost 
at 100—160°C showing that it is weakly held even in the postulated hydrated nickel 
ion.°* Thermal decomposition leads to amorphous (at 500°C) and crystalline (at 
680°C) anhydrous products.'1%-1° Kinetic parameters were measured.?!® 


NiO,3B,0;,10H2O. This hydrate is not stable in an aqueous solution at room 
temperature, and is prepared by dissolving the 1:3:8 borate in 39% boric acid solu- 
tion and adding alcohol at a temperature not above 10°C. If the alcohol is added 
very slowly (during hours) the crystals can be grown longer.** 


NiO,B,0;,2H2O. This compound is obtained as a finely dispersed solid phase from 
the aqueous reaction of NiClz with an alkali-metal tetraborate, optionally with the 
addition of NaCl or KCl.'?? 


NiO,B.O0;,5H.O. By hydrolysing the NiO,3B,03,8H20 in a 0:5°% solution of 
boric acid at 80°C a light-green crystalline powder is formed. This powder has a 
density at 25° of 2:09, but no good crystals have been formed. The water of crystal- 
lization is lost over the range 50-450°C.®* Its structure has been determined.?!” 


Amminated Nickel Borates. By adding borax to a solution of nickel sulphate in 
concentrated ammonia at 80—-90°C and cooling in an atmosphere of ammonia, 
bluish crystals of [Ni(NH3)4]B,O7,4H2O are formed. Prolonged storage of this com- 
pound in ammonia gas causes the absorption of two more molecules of ammonia, 
which are lost in air storage. All ammonia is lost by heating to 160—170°C.*®° 

If NiO,3B203,8H20, alternatively written [Ni(H2O).¢]Bg0O10,5H2O is exposed to 
ammonia for some 25 days in the presence of potassium hydroxide [Ni(NHs3)6]- 
BegO1i0,5H2O is formed. It loses 2 molecules of ammonia at 105°C and the rest at 
170-03" 

A double salt of the hexammine with an ammonium 1:2 borate is formed variously 
by reacting together ammonia, boric acid and nickel hydroxide, or by substituting 
one of the amorphous nickel borates for the hydroxide, or by simply reacting the 
hexammine [Ni(NH3)¢]BgOi10,2H2O with ammonia 1:2 borate in solution.®® 
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SECTION Al3 


BORON-OXYGEN COMPOUNDS OF ELEMENTS OF 
GROUPS V AND VI 


BY B. P. LONG 


This section considers various aspects, including preparation, properties and 
applications, of the boron—oxygen compounds of the metals of Groups V and VI. 
By far the most important of these compounds is boron phosphate, which has 
been extensively studied in view of its potential technological importance. Much of 
the work relating to this material, and to the borophosphates, has been reported 
only in the patent literature, and this has been drawn on extensively where no other 
published data are available. 

The boron—oxygen compounds of arsenic and vanadium have been the subject 
of less investigation, while compounds of bismuth, niobium, tantalum, chromium and 
uranium are rather scantily reported. The boratosulphates, borotungstic acids and 
borotungstates have been described in somewhat greater detail, but very little informa- 
tion relating to applications is available from published work. 


BORON PHOSPHATE 


Preparation 


The preparation of boron phosphate by the reaction of boric acid with ortho- 
phosphoric acid in stoichiometric proportions, followed by dehydration at tempera- 
tures up to 1200°C, has been reported by a number of authors+~®: 25°: 


H3BO3 as H3PO,4 —- BPO, “in 3H.O 


Two patents’? describe the dehydration of the intermediate products at tempera- 
tures of 100°C and 100°-150°C, respectively, but the final products of these prepara- 
tions would certainly contain combined water. Other patents? *>® specify dehydra- 
tion temperatures up to 350°C; one® uses the range 400°—500°C, whilst another° 
employs calcination at 600°C, but these preparations would also leave some com- 
bined water in the final product. Complete dehydration requires temperatures of 
at least 1000°C, and preparations using temperatures of this order have been paten- 
ted® and have also been described by other authors.” 

A method of preparation of boron phosphate using an excess of phosphoric acid 
and a final ignition temperature of 350°C has been described.’° Since this tempera- 
ture is insufficient to volatilize the excess of phosphoric oxide, the product obtained 
would be non-stoichiometric in addition to retaining some combined water. 

Giorgini et al.11-1% have studied the preparation of boron phosphate from boric 
and phosphoric acids under various conditions. Under aqueous conditions the 
rate-determining steps are the rate of reaction and the rate of diffusion of water 
through the product layer. A similar result was reported by Baccaredda.** Levi and 
Gilbert?® state that when the P.O; content of the system B203;—-P20;—H2O exceeds 
48°% the solid in equilibrium with the solution is boron phosphate. Jn a more recent 
study at 15 and 90°C, Russian workers found that at the higher temperature and at 
0-45:5 wt. %% P.O; only H3BO; separated as a solid phase, but that at higher P.O; 
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concentrations solid BPO, separated along with solid HzBOz3.7°" At 15°C, HzBO3 was 
the only solid phase. 

Boron phosphate has also been prepared?°*" by the reaction of orthophosphoric 
acid with boric oxide, metaboric acid or orthoboric acid suspended in xylene or 
other organic media, with subsequent elimination of water by azeotropic distilla- 
tion.1® The granule size of the product depends on the following factors: boric acid 
type and its concentration in the organic medium, the feed rate of the orthophos- 
phoric acid, the nature of the organic medium, and the stirring rate. 

Boron phosphate may also be prepared by the reaction of boric oxide with syrupy 
phosphoric acid, followed by evaporation to dryness?°, and by the reaction of boric 
acid with phosphorus pentoxide at temperatures below 400°C to give an intermediate 
product which is then ignited at red heat.2° It is again formed when phosphorus 
pentoxide is added in small amounts to an equivalent proportion of fused boric 
oxide at 600°-650°C.?! This reaction is exothermic and the melt solidifies to give 
boron phosphate on cooling. In another method?? boron phosphate is prepared 
from equimolar proportions of boric oxide and phosphorus pentoxide heated in a 
muffle furnace at 1000°C, unreacted material being removed subsequently by wash- 
ing with water. 

Boron phosphate can be prepared from starting materials other than boric and 
phosphoric acids or their anhydrides. Levi and Ghiron?* heated diammonium 
hydrogen phosphate with boric acid, eventually under vacuum to eliminate all 
traces of ammonia, to obtain boron phosphate: 


(NH,)2HPO, + HsBO; —> BPO, + 2NH;+ 3H2O 


A similar process has been patented ?* as a method for the production of a catalytic- 
ally active form of boron phosphate. 

Boron phosphides are oxidized when heated in the presence of oxygen to form 
boron phosphate.?°-? The black modification of boron phosphide oxidizes very 
slowly at temperatures above 650°C but more rapidly at 815°C, while the maroon 
form is oxidized rapidly above 620°C.?° 

Dihydroxyfluoroboric acid reacts with phosphorus pentachloride or pentabromide 
to form boron phosphate, boron trifluoride and the corresponding phosphorus 
oxyhalide and hydrogen halide?®: 


3H3;BO2F2+ 3PX; — BPO,+ 2BF3+ 2POX3 + 9HX 


Dihydroxyfluoroboric acid also reacts with phosphorus pentoxide to give boron 
phosphate, hydrogen fluoride and water ?®: 


2HsBO2F2 2 P.O; 2 2BPO, +4HF+ H.O 


Cherbuliez and co-workers?? studied the reaction of triethyl borate with phos- 
phoric acid under different conditions and found that in each case boron phosphate 
is formed. Equimolar amounts of triethyl borate and orthophosphoric acid were 
heated under reflux for 10 min, cooled and filtered; the residue was washed with 
diethyl ether to give a form of boron phosphate which is readily soluble in water. 
When triethyl borate and orthophosphoric acid are heated on a water bath, a solid 
corresponding to a mixture of the ethoxyborophosphoric acids, (PO,H2)2BOEt 
and [(PO.,H2)2B(OEt)2JH, with boron phosphate, is formed. The ethoxyborophos- 
phoric acids react slowly at elevated temperatures with triethyl borate to yield boron 
phosphate. Orthophosphoric acid when dissolved in ethanol and heated under 
reflux for 3 h with triethyl borate gives a voluminous precipitate of boron phosphate, 
which may be recovered by washing with diethyl ether and drying in air. Boron 
phosphate is also prepared ®° by refluxing triethyl borate and orthophosphoric acid; 
annealing the product at 750°C gives crystalline aggregates. 

A patented process*! describes the formation of a boron phosphate gel by the 
reaction of a trialkyl borate (the alkyl groups each having at least two carbon atoms) 
with phosphoric acid solution in a heated zone, and removing the alkanol formed 
as a by-product. Boron phosphate may also be prepared °? by the reaction of triethyl 
phosphate, (EtO)3P:O, with boron trichloride at — 70°C to form a complex which, 
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when heated above 55°-60°C, evolves ethyl chloride. The residue is then heated 
successively at 100°C, 180°C and 300°-320°C under reduced pressure, and finally 
ignited in air at 1000°C to obtain crystalline boron phosphate. 

It has been reported*? that boron phosphate is present to the extent of 44°% in 
deposits taken from the heating side of the fuel economizer of a steam boiler. 


Structure 


According to Schulze**-> boron phosphate has a structure of low-cristobalite 
form, each boron and phosphorus atom being surrounded tetrahedrally by oxygen 
atoms, each oxygen atom belonging to two tetrahedra. The lattice constants given 
are: a= 4-322, c=6-640 A; there are two molecules per unit cell. However, Levi and 
Ghiron?? give values for the lattice constants of 4-46 and 6-79 A, respectively. 

The structure of boron phosphate when subjected to high pressures and tempera- 
tures has been extensively studied.°°-*° Shafer and co-workers*® found that boron 
phosphate changes from cristobalite form to a quartz form with increasing pres- 
sure; this transformation occurs at 46,000 bars.?” Dachille and Dent Glasser ?® 
carried out single-crystal studies of a high-pressure form of boron phosphate and 
quote unit cell dimensions of a=4-470 and c=9-926 A. The structure, which con- 
tains three molecules per unit cell, is derived from the quartz structure by doubling 
the c-axis. The calculated density of this form of boron phosphate is 3-069 g cm~? 
and the experimental value 3-05 gcm~*. Mackenzie and co-workers*®? prepared 
boron phosphate at 1000°—2000°C under a pressure of 85,000 atm and found it to 
have a hexagonal structure with unit cell dimensions of a=7:75 and c=9-95 A, 
with nine molecules per unit cell. The density of this material was found experi- 
mentally also to be 3:05 g cm~ 3.39 The transformations of boron phosphate at high 
pressures and temperatures have been reviewed by Tomonari.** 


Physical Properties 

Boron phosphate was found to be thermally stable up to about 1450°C, at which 
temperature it begins to vaporize, probably without decomposition.*? The linear 
coefficient of thermal expansion (per °C) of boron phosphate over the range 25°— 
1000°C is 9 x 10~°. Heat capacity data for boron phosphate up to 927°C have been 
published.** Boron phosphate is sufficiently stable at temperatures in excess of 
1000°C for material calcined at this temperature to be used as the final product in 
the thermogravimetric determination of boron.** A transpiration study of boron 
phosphate at high temperatures has been made*°®, and the effect of heat on boron 
phosphate has been studied by X-ray diffraction, differential thermal analysis and 
vapour effusion techniques. *® 

The heat of formation of boron phosphate in the reaction: 

BP(cryst.) + 202(gas) — BPO,(cryst.) 
is AHgog= —224:9+4-7 kcal mole~*.?”7 Low-temperature heat capacities and 
derived thermodynamic functions have also been reported.*’ 

Dachille and Roy*® obtained an infra-red spectrum for boron phosphate, while 
the n.m.r. spectra and quadrupole coupling constant (50:-4+0-5 kHz) of **B in boron 
phosphate have been obtained by Bray and co-workers.°° *° Inelastic light scattering 
was used to probe phonon behaviour in BPO,.?°° 


Chemical Properties 


Gruner ®° states that boron phosphate forms tri-, tetra-, penta- and hexahydrates 
which, on extraction with liquid ammonia, form BPO.,3H20,NHs3. This he ex- 
plains by considering the trihydrate as an acid of the type RHe, where R is: 


The ammonia addition compound is, therefore, a salt of the type RNH.H, whilst 
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the tetra-, penta- and hexahydrates are respectively RHe,H20, RHs,2H2O and 
RH2,3H20. 

Freidlin and co-workers*’ studied the dehydration of hydrated boron phosphate 
containing 9:5°% of water (less than is required for a monohydrate) and showed that 
8°% is easily removed by heating but the last 1:5°% is more tightly bound. This 
residual water may be removed at temperatures in excess of 450°C, and the boron 
phosphate is completely dehydrated at 800°C. Very similar results were obtained 
by Baccaredda and co-workers** and by Ashboren.?°* None of these workers reports 
the formation of a definite hydrate, but Russian research has revealed a trihydrate after 
calcination at 300°C.?°° 

All the hydrates of boron phosphate hydrolyze in aqueous solution to give boric 
and phosphoric acids.°° ?°7 A similar result was obtained for the hydrolysis of anhy- 
drous boron phosphate by Baccaredda and co-workers**, who also studied its alcoholy- 
sis. The stability of boron phosphate to hydrolysis and alcoholysis increased as the 
calcination temperature increased; the rate of alcoholysis may be used to determine 
the amount of uncombined boric oxide. Giorgini et al.1° studied the hydrolysis of 
boron phosphate containing different P20;:B2O3 molar ratios calcined at tempera- 
tures in the range 200°—600°C. These workers also found that the stability of boron 
phosphate to hydrolysis increases as the calcination temperature increases, but in 
addition they found that hydrolysis increases as the P2O; content increases. The 
adsorption of water by boron phosphate samples pre-heated to temperatures of 
100°C, 200°C or 300°C has also been studied by Moffat and co-workers.°?: 278-®° Their 
kinetic studies suggested that, on average, two hydrogen bonds per H.O are involved 
in the adsorption; subsequent infra-red spectroscopic work detected bands assignable 
to BOH and POH.?°° They also examined the adsorption of krypton?®! and argon.?®2 

Boron phosphate decomposes to form the free acids when refluxed with ethyl 
alcohol?°, but it is stated elsewhere2?’°* that on refluxing with alcohols such as 
n-octyl alcohol a boron phosphate ester is formed. 

Boron phosphate forms gels in concentrated sulphuric acid and oleum which 
increase in firmness with concentration; equimolar proportions of the two acids 
give the best results.°* Gels formed at 25°C are faintly opalescent, while those 
formed at 100°C are more strongly opalescent. All gels display slight syneresis, but 
there is little indication of thixotropic properties. 

Hummel and co-workers°®®~’ have studied boron phosphate—oxide systems. The 
BPO,-SiOz join of the BzO3;—-SiO2—-P205 system forms its lowest melting mixture 
at approximately 62°% SiOze, the m.p. of this mixture being 975 + 25°C. The thermal 
expansion and refractive indices of glasses along the join were determined. The sys- 
tem B,O,—-SiO2—P2Os is not a true ternary at atmospheric pressure and temperatures 
below 1400°C because of the tenacious retention of water. If the presence of water 
is neglected, BPO. is a primary phase over a considerabie area of the triangle 
B,03—BPO,-SiOz. Ternary compounds, unstable at temperatures greater than 710°C 
and having the probable compositions 22Li20,11B203,13P,0;5 and 2Li20,3B.Os3,- 
P.O;, were formed with difficulty in the LiPO;-BPO, and Li,P20;,—-BPO, systems. 
Glasses formed in these systems have poor chemical durability. Ray et al.2°° have 
recently characterized borophosphate glasses containing about 70 mol-°% P.O; and 
up to 5 mol-9% B2O3. Some of them were an order of magnitude more stable to water 
than corresponding simple phosphate glasses. 

The addition of 0-5 to 1:5°% of boron phosphate to alumina powder has been found 
greatly to retard its sintering.°® 

Hund°? has described heterotypic mixed phases in which boron phosphate is the 
host lattice, and gives spectral emission curves for NiO—As2,0;, CoO-As2.O; and 
CuO-V.0O; in boron phosphate. Compounds of this type, said to be useful for 
pigments, fillers or catalysts, have been patented.°°-°! 

Electrolysis of boron phosphate in melts containing alkali metal fluorides results 
in the formation of boron phosphide, BP.°? Boron phosphate may be reduced to 
the elements by ignition with aluminium if a primer of potassium or sodium nitrite 
and calcium silicide is used.°° 
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Applications as Catalysts 


Boron phosphate has been used, or proposed, as a catalyst for a wide range of 
reactions falling within a number of different categories which are considered in 
detail below. 


DEHYDRATION 


Freidlin and co-workers”: °!: ®4-® studied the use of boron phosphate as a catalyst 
in the dehydration of alcohols, with particular reference to the relationship of its 
catalytic activity to the conditions under which it was prepared. The maximum 
activity of boron phosphate catalysts with respect to dehydration of amyl alcohol 
to pentanes and isomerization of 1-pentane was obtained by preparing the catalysts 
at 600°C. These workers®® also studied stereospecificity in the dehydration of 3- 
pentanol in the presence of boron phosphate, among other catalysts, and found 
the yield of pentenes to reach approximately 80°%% at a temperature of 260°C; the 
cis: trans isomer ratio was 1:0. 

Boron phosphate has been used as a catalyst in the dehydration of hydroxylated 
oils®” at 240°—260°C to form drying oils. It has also been used ®® in the dehydration 
of N-alkyl-substituted amides, the substituents having hydrogen atoms in the 
a-position, at 360°—410°C to form a nitrile group and an olefinic bond. w-Cyano 
carboxylic acids may be prepared®? by heating an aliphatic dicarboxylic diamide 
with the free dicarboxylic acid under reduced pressure at 250°—300°C over a boron 
phosphate catalyst. 

The use of boron phosphate as a dehydration catalyst has been widely exploited 
for the preparation of nitriles. A specific example is the reaction of adipic acid with 
ammonia to form adiponitrile.7°-"2 It is recommended that a molecular excess of 
ammonia be used at a temperature in the range 300°-5S50°C.7° Adiponitrile may 
also be prepared by the reaction of 5-cyanovaleramide with ammonia over a boron 
phosphate catalyst.”*-* w-Aminonitriles are made by contacting a mixture of am- 
monia and a lactam with boron phosphate at a temperature in the range 250°—450°C 7> 
whilst decane-1,10-dicarbonitrile is made by the reaction of 11-cyanoundecanoic 
acid with ammonia at temperatures in the range 300°—450°C.’® Carboxylic acids 
react with excess of ammonia in the presence of superheated steam over a boron 
phosphate catalyst at 260°-SO0°C to give corresponding mononitriles and 
dinitriles.”” . 

The catalytic dehydration of acetamide vapour at 230°-450°C over boron phos- 
phate to yield acetonitrile has been patented.”® Acetonitrile, together with hydrogen 
cyanide, is also the product of the reaction of acetone, ethyl formate or methyl 
acetate with air and/or oxygen and ammonia over a boron phosphate catalyst at 
temperatures in the range 300°-600°C.’9 

Unsaturated aliphatic nitriles, such as acrylonitrile and methacrylonitrile, may 
be prepared using boron phosphate catalysts to which compounds of various metals 
are added in the proportion of 1 to 10% as activators.°° The use of boron phosphate 
as a catalyst in the preparation of dinitriles from the corresponding acid amide has 
been patented ®!; in this reaction the yield of dinitrile is increased if the boron phos- 
phate is heated for 3-4h at 350°C in an atmosphere of ammonia before use. 
Nitriles are also prepared by oxidizing methyl benzenes or methyl naphthalenes with 
air or oxygen at 300°—600°C in the presence of ammonia and a metal oxide catalyst 
which may be supported on boron phosphate.°®? 

Other examples of the use of boron phosphate as a dehydration catalyst are the 
decomposition of 4,4-dimethyl-m-dioxan to isoprene®®? and the formation of 
piperylene from tetrahydrofuran, butylene from butanol and butadiene from 1,3- 
butanediol.?** Boron phosphate also catalyzes the dehydration of methyltetrahydro- 
furan to give a mixture of trans- and cis-1,3-pentadiene®*, and of bis-carbinols to 
give the corresponding m- and p-isopropenylphenyl-dimethyl-carbinols*®°, the reac- 
tion being stopped after the dehydration of one carbinol group. Equimolar mixtures 
of 1,10-dicyanodecane and dodecanedioic acid are obtained by high-temperature 
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disproportionation of 11-cyanoundecanoic acid in the presence of boron phos- 
phate.®® 

Boron phosphate used as a dehydration catalyst may be regenerated by heating 
in a current of air at 400°-600°C.+* 


AMINATION 


The influence of experimental conditions on the activity of a boron phosphate 
catalyst in the amination of methanol has been studied systematically.®’-* It was 
found that the yield is influenced primarily by the temperatures used, which were 
in the range 300°—400°C, while the ratio of mono- to trimethylamine is governed 
by the excess of ammonia used.®” The activity of the catalyst decreased sharply with 
time at 360°C, whilst at 400°C there was little or no decrease in activity.®® 

Patented processes utilize boron phosphate as a catalyst in the preparation of 
diphenylamine from aniline and a halogen®®, the production of melamine from 
hydrogen cyanate and ammonia °°°?, and the preparation of N,N-diethyltoluamides 
from diethylamine and toluic acid at 250°-350°C.°? 

Boron phosphate catalysts used in the production of melamine may be regenerated 
by treatment with superheated steam at temperatures in the region of 400°C.°! 


POLYMERIZATION AND ISOMERIZATION 


Boron phosphate has been used as a catalyst for the polymerization of form- 
aldehyde and acetaldehyde.?* In each case the process is carried out at — 70°C 
in vacuo for an extended period. Aliphatic mono-olefins may also be polymerized 
in the presence of a boron phosphate catalyst, which may be used alone or sup- 
ported on an inert metal-oxide carrier.°* Conversions to polymer of 40-100% are 
achieved at temperatures in the range 60°-315°C under pressures up to 1000 lb in~?. 
Boron phosphate does not catalyze the polymerization of ethylene oxide’, but 
may be used as a catalyst in the polymerization of mono-epoxides.°® 

Boron phosphate has been used?° as a catalyst for the isomerization of straight- 
chain olefins to branched-chain olefins at temperatures between 350°C and 600°C. 
Other applications in which boron phosphate is used to catalyze the isomerization 
of aliphatic olefins have been patented.® °°® In two of these patents ® °° the catalysts 
were prepared with an excess of phosphoric acid, which would leave free phosphorus 
pentoxide in the final product at the preparation temperatures used. 

Alkyl vinyl ethers give good yields of monomeric aldehydes when passed over a 
boron phosphate catalyst at temperatures in the range 150°-400°C.°° Careful con- 
trol of the reaction temperature is required to obtain optimum yields. Boron phos- 
phate may be used as a catalyst for an ester-interchange reaction which yields linear 
polyesters from ethylene glycol and dialkyl esters of terephthalic acid or a dibasic 
carboxylic acid.1°° 


OTHER CATALYTIC APPLICATIONS 


Boron phosphate has been used, in conjunction with alumina, as a catalyst for 
the desulphurization of hydrocarbons.’ It has also been used for the de-alcoholiza- 
tion of B-alkoxy or -aryloxy monocarboxylic acid esters to form unsaturated mono- 
carboxylic acid esters.1°! This reaction is preferably carried out under reduced 
pressure at 210°-240°C. Other reactions catalyzed by boron phosphate include the 
nitration of aromatic hydrocarbons?°? and the production of conjugated diolefins.1° 

It has also been used as a catalyst for the reaction of steam, carbon monoxide 
and olefinic hydrocarbons to form acids1°*, and for the reaction of olefins with 
molecular oxygen at elevated temperatures.1°° 1° Unsaturated aldehydes and acids 
may be made from propylene or isobutene by this method, using a reaction tempera- 
ture in the range 300°—500°C.1° 

Boron phosphate has been used as a catalyst in dehydrochlorination reactions 
in the production of alkylates?°” and mono-olefins.1°® Patented processes for the 
preparation of pyridine and substituted pyridines also describe the use of boron 
phosphate as a catalyst?°°-12, as do those for the preparation of methylenimines, 
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including caprolactam?!13-14, and the conversion of anatase to rutile.115 Its use as 
a catalyst for the chlorination of mixtures of paraffins to monochlorides has been 
patented.11° 

The preparation of 2-butanol from 2-butene over a boron phosphate catalyst at 
elevated temperatures and pressures has been reported?1", as has the conversion of 
triethoxybutane to ethoxybutadiene.118 The gas-phase hydration of ethylene at 
290°-—360°C has been studied.?°* Giorgini and co-workers also made extensive studies 
of boron phosphate as a catalyst of the vapour-phase hydration of acetylene and other 
unsaturated hydrocarbons.!2:123-7 They found that the highest values of the con- 
version of acetylene to acetaldehyde are obtained at high temperatures, but that at 
high temperatures the activity of the catalyst decreases with time at the greatest rate. 
Optimum conditions for the reaction were found to occur over the temperature 
range 440°—500°C. Use of catalyst materials made from mixtures containing excess 
of phosphoric acid showed that products containing excess of phosphorus pentoxide 
have higher catalytic activity than stoichiometric boron phosphate. 

Laboratory studies have been carried out by Freidiin and co-workers??? on 
optimum conditions for the synthesis of guaiacol from pyrocatechol and methanol 
using a boron phosphate catalyst. When a molar ratio of pyrocatechol to methanol 
of 1:6 was used at a temperature of 300°C, a yield of 50-60% of guaiacol was 
obtained and the catalyst remained active for 30-40 h. The same workers??° also 
studied the synthesis of o-ethoxyphenol from pyrocatechol and ethanol over a 
boron phosphate catalyst. Other laboratory studies??? include boron phosphate 
as a catalyst for the reaction of benzene with dimethyl ether to form toluene, and 
as a catalyst for the hydration of ethylene.1?? 

Boron phosphate may also be used in combination with alumina, silica, molyb- 
denum and cobalt to form stable catalysts which may be used in both cracking and 
hydrogenation reactions!?°, and as a support for aluminium phosphate to catalyze 
reactions leading to the formation of alkylated benzene hydrocarbons.1?° Benzene 
and ethylbenzene may be prepared by hydrogenation of the products of reaction 
of toluene and sulphur over a catalyst incorporating boron phosphate.?°° 

Alkyl- or aryl-substituted s-triazines are prepared by the reaction of urea with 
aliphatic or aromatic nitriles over a boron phosphate catalyst +?', and N-vinylamides 
are obtained in high yields by the catalytic dissociation of N(a-alkoxyalkyl) com- 
pounds in the presence of boron phosphate.?*? 

It has also been reported that in a study of possible inhibitors of oxidative phos- 
phorylation!?*, boron phosphate inhibits phosphate esterification and, to a lesser 
extent, oxygen consumption. 


CATALYTIC PROPERTIES 

Moffat and co-workers +**~" have studied the surface chemistry of boron phos- 
phate in relation to its catalytic properties and claim that its catalytic activity is not 
explicable on the basis of the properties of phosphorus pentoxide and boric oxide. 
Samples of boron phosphate, each containing excess of phosphorus pentoxide, were 
pre-heated to various temperatures before use as catalysts for the decomposition 
of formic acid. Changes in catalyst weight during reaction and in the surface area 
after reaction were.recorded. It was found that the surface area of boron phosphate 
increased during thermal treatment in vacuo, reaching a maximum value at 200°- 
300°C. After exposure to formic acid the surface area was found to have decreased 
in all cases.1%7 

The specific surface of boron phosphate catalysts increases with the temperature 
of preparation up to a temperature of 200°C and then decreases.” The specific 
acidity per unit surface, determined with butylamine, showed a minimum when 
the catalyst was prepared at 600°C. The catalyst prepared at this temperature showed 
maximum activity with respect to the dehydration of amyl alcohol. Boron phosphate 
calcined up to temperatures of 400°C or 660°C showed maximum activity in the 
catalysis of the dehydration of pyrocatechol and methanol mixtures.°? The catalytic 
activity of boron phosphate is also affected by its acidity, which may be brought 
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into the desired range by exposing the catalyst to solutions of phosphoric, sulphuric, 
benzene sulphonic and arsenic acids.® 1° 

Gesmundo and Lorenzelli’®® have studied the infra-red spectrum of boron phos- 
phate in the 2—150-u region and propose correlations between its structure, as de- 
duced from its spectrum, and its catalytic activity. 

The patent literature gives details of the manufacture of boron phosphate catalysts 
in spherical form+*° and in granular form’, the activation of boron phosphate 
isomerization catalysts by the addition of transition metal oxides which permit re- 
generation of the catalyst at lower temperatures +*1, and the use of particles of boron 
phosphate in the 100—200-u size range as catalysts for fluidized-bed reactions.14? 


Non-Catalytic Uses 
CERAMICS AND GLASSES 


The use of boron phosphate in ceramics and glasses has been proposed by a number 
of authors and many applications have been patented. Its principal use in ceramics 
is as a flux.**? Its relatively high cost has, however, prevented any large-scale com- 
mercial exploitation in this field. Laboratory studies and proposed applications are 
surveyed below. 

Translucent ware may be made from mixtures based on boron phosphate, peg- 
matite and kaolin with additions of various clays.1** A translucent porcelain con- 
taining 25—50°%% by weight of boron phosphate has also been described.!4> 

The firing temperature of hard porcelain may be decreased to 1200°-1250°C 
by addition of boron phosphate, and deformation of the ware made at these tem- 
peratures is reduced.**®” An addition of about 1:5% of boron phosphate gives the 
best results. Boron phosphate promotes the formation of mullite and cristobalite 
phases in porcelain based on quartz and cristobalite, although the effect depends 
upon the overall composition of the porcelain; it also exerts a fluxing effect which 
considerably reduces the fusion temperature.'*®-5° The proportion of boron phos- 
phate used in this work ranges from 0:5°% to 2:0%. 

Some physical effects of additions of boron phosphate to ceramic glazes have 
been described by Lehnhaeuser?*!, while improved electrical properties and mechan- 
ical strength, together with resistance to thermal shock, are claimed for a composi- 
tion based on wollastonite containing 2-10°% of boron phosphate.!5? Dense, crystal- 
line ceramic bodies composed of 38-45°% boron phosphate with the remainder silica 
have electrical properties which compare favourably with those of fused silica and 
are usable at higher temperatures.1°* The dielectric properties, electrical resistivity 
and thermal expansion of boron phosphate-silica compositions, in both the glassy 
and devitrified states, have been measured by Kim and co-workers.!°4-7 Boron phos- 
phate has also been used to substitute silica in a mica-like crystal having a structure 
similar to that of fluorophlogopite.158 

The structures of glasses prepared from boron phosphate and aluminium phos- 
phate*®? and from boron phosphate, aluminium phosphate and silica?®° have been 
studied. Optical glasses containing boron phosphate have been patented1®1-2, as 
have heat-absorbing glasses containing 2-8°% of boron phosphate.!®-* Other heat- 
absorbing glasses have also been described.1®° Water resistance of some alkali and 
alkaline-earth borophosphate glasses has been shown to be an order of magnitude 
superior to the corresponding simple phosphate glasses.2°° The use of borophosphate 
glasses for the fixation of radioactive wastes has been described!®*, and the use of 
glasses made from vanadium pentoxide and boron phosphate as cathodes in voltaic 
cells has been patented.+®” 


LUMINOPHORS 

Boron phosphate activated with manganese gives a luminescence after irradiation 
with ultra-violet light at 365 my.1°*, whilst material activated with a thallium salt 
and irradiated at 254 my. shows a maximum luminescence at 410 my. The prepara- 
‘tion and properties of thallium-activated boron phosphate luminophors have been 
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reviewed.'®° A cathodo- or photo-luminescent glass in which boron phosphate is 
used as a modifier has been patented.*”° 


OTHER APPLICATIONS 


Boron phosphate dispersed in phosphoric acid has been used as the electrolyte 
in intermediate-temperature fuel cells.174 Such electrolytes are thermally stable, 
reject carbon dioxide, have high ionic conductivity and good mechanical properties. 
Sulphuric acid gelled with boron phosphate, in the ratio of 20-200 moles of H.SO, 
to 1 mole of BPQOn, is used as the electrolyte in lead—acid accumulators.!72-4 

Patents have been granted for the use of: (a) boron phosphate esters as petrol 
additives to reduce engine deposits?2’°?; (b) boron phosphate—amine adducts to 
suppress surface ignition+”°; and (c) boron phosphate in phosphate coating baths!7§, 
as a stabilizer of chemoplastic polycarbonates!""-®, in the making of moulds for 
castings179-®°, and as a desiccant.1® Other patents propose the use of boron phos- 
phate formed in situ as an electrical insulator ?®?, as a component in the manufacture 
of electrical insulating tape+®?, and in the encapsulation of semiconductors.1®* It 
has also been proposed to use solid solutions of metal oxides in a boron phosphate 
lattice as pigments and fillers.°°-°! 

Boron phosphate can be applied as a source of boron for plant life by treating the 
plants with this material in a form that slowly releases soluble boron.?®° 


Metal Borophosphates 


Borophosphoric acid and complex borophosphates exist in solution, when the 
solution has sufficiently high concentration.'®®&"” This conclusion was reached after 
a study of the solubility of boric acid in water and saturated potassium dihydrogen 
phosphate solution, and of the solubility of potassium dihydrogen phosphate in 
water and saturated boric acid solution. Further evidence was adduced from the 
volatility of boric acid in steam in the presence of inorganic and organic compounds. 
The existence of sodium borophosphate in solutions of boric oxide in fused sodium 
phosphate is indicated by the thermodynamic properties of these solutions,'8® 

Copper and lead borophosphates having the general formula MBPO; have been 
prepared?®° by heating to dryness the appropriate metal oxide with syrupy phos- 
phoric acid and boric acid in equimolar proportions; excess of boric acid was then 
added and the mixture fused at 1100°C to form two layers, the upper being excess of 
boric oxide and the lower the metal borophosphate. Cadmium borophosphate, 
CdBPOs, has also been prepared by a similar process.??° 

The preparation of calcium, strontium and barium borophosphates of the same 
general formula by thermal synthesis has been reported.?°!~? X-ray powder dia- 
grams show these compounds to be isostructural. The structure is of hexagonal form 
with 3 molecules per unit cell. These compounds, which melt incongruently, are 
stable in methanol but are decomposed by water and dissolved by dilute acids.19! The 
compound 2CaO,P.0;,B2O3 was prepared by heating CaHPO,,2H.O and H3BOz; to 
600°C, drying then heating in oxygen at 900°C for 3 days. 

Compounds having the general formula M3BPQO,, in which M is magnesium, 
manganese, cobalt, nickel, zinc or cadmium, have been made?®? by fusion of the 
appropriate oxides. Lead borophosphates having the compositions PbBPOs, 
Pb,P.B207 and Pb.zBPOs exist in the system PbO-—P,0;—B203./9? 

Borophosphoric acid, HgBPO7,, has been patented’? as a rust-inhibiting agent in 
steel pickling baths, as an absorbent for gases such as carbon dioxide, hydrogen 
sulphide and mercaptans+%*, and as a component of oil additives.1°° Tetraboro- 
hypophosphoric acid, B4O7(H3P20¢)2, prepared by mixing phosphorus pentoxide 
and powdered boric acid with a little water, is a catalyst for the polymerization of 
olefins./9° 

Alkali-metal borophosphates have been proposed ?%" as a constituent of coatings 
to provide a hardened surface for lightweight insulating panels, while mixtures 
containing sodium borophosphate provide heat-protective coatings in the manu- 
facture of incandescent lamps.'?® 
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BORON ARSENATE 


Preparation 


Boron arsenate has been prepared from boric acid and arsenic acid by two tech- 
niques. Levi and Ghiron?? heated equimolar proportions of concentrated arsenic 
acid solution and boric acid to dryness on a water bath and dried the product under 
vacuum to obtain pure boron arsenate: 


H;AsO, + H;BO3 a BAsO, 24 3H2.O 


Schumb and Hartford?®® report the preparation of boron arsenate from aqueous 
solution. Arsenic acid dissolved in water is heated to boiling point and boric acid 
added. The solution is maintained at boiling point until a white precipitate is formed; 
this precipitate is washed by decantation, filtered and dried. The dried residue is 
finally boiled with ethanol to remove free boric acid. 

Levi and Ghiron?* also prepared boron arsenate by heating solid diammonium 
hydrogen arsenate with solid boric acid under reduced pressure: 


(NH,4)2HAsO, + H3BO3 — BAsO,+2NH3+3H2O 


Kordes?°° studied glasses made from boric oxide and arsenious oxide, but no 
evidence of compound formation is reported. 


Structure 


Schulze**-> reports that boron arsenate has a low-cristobalite structure identical 
with that of boron phosphate. As in the latter case the boron and arsenic atoms are 
surrounded tetrahedrally by oxygen atoms, each oxygen atom belonging to two 
tetrahedra. The space-group of the structure is S2-/* and Schulze quotes the follow- 
ing crystal lattice constants: a=4-459, c=6-796 A, both +0-006 A, with 2 molecules 
per unit cell. Identical values for the crystal lattice constants have been reported 
by Levi and Ghiron.?* Beekenkamp and Stevels+®° state that boron arsenate is iso- 
structural with silicon dioxide in its crystalline state but not in its vitreous state. In 
vitreous boron arsenate the As®* ions are surrounded by three bridging oxygen 
ions and one non-bridging oxygen ion. 

High-density forms of boron arsenate prepared at high pressures have been studied 
by Dachille and co-workers*’-® and by Mackenzie et al.?° The crystal lattice con- 
stants for high-density boron arsenate are: a=4-562, c=10-33 A, with 3 molecules 
per unit cell; the structure of this form is derived from that of quartz by doubling 
the c-axis. The crystal lattice constants for boron arsenate prepared at 1000°— 
1200°C at a pressure of 85,000 atm are a=7-91, c=10-32 A, with 9 molecules per 
unit cell. 


Physical Properties 


The density of boron arsenate prepared at atmospheric pressure is reported by 
Schulze®> to be 3-660 gcm~*® while Schumb and Hartford?%° give the value 3-40 
gcm~*°. The densities of the forms prepared at high pressures are stated to be 
4:00 g cm~ 3 38 and 3:9 g cm “3.9? 

Beekenkamp 1°°%-®° states that boron arsenate melts at about 1100°C and forms a 
glass on cooling, while another investigation found that it does not melt at red heat but 
is slightly decomposed. Other workers?°! have found that when heated in air boron 
arsenate decomposes at 810°+5°C to form arsenious trioxide and boric oxide: 


2BAsO, = As2Oz i B.03 5 Oz 


Schumb and Hartford?%® give a value of 1:66 for the refractive index of boron 
arsenate, while Schulze reports a figure of 15-54 for its molecular refraction. 
Schulze ?°? has discussed possible reasons for the discrepancies in the reported values 
of the refractive index and density. 

Beekenkamp’*? has reported the infra-red spectra of both the crystalline and 
vitreous forms of boron arsenate, while Bray and co-workers®° have given n.m.r. data 
relating to this material. 
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Chemical Properties 


Boron arsenate is stated by Gruner®° to form tri- and hexa-hydrates which do 
not form addition compounds with ammonia but which, on extraction with liquid 
ammonia, form BAsO.,3H20,NH3. This behaviour exactly parallels that which 
Gruner also found for boron phosphate, and he postulates that the trihydrate of 
boron arsenate is an acid of the same type as that proposed for boron phosphate 
trihydrate. Both the tri- and hexa-hydrates were found to decompose into the 
parent acids in aqueous solutions. 

Anhydrous boron arsenate hydrolyzes in hot water to form boric and arsenic 
acids.'99- 2°! Tt is also reported that boron arsenate is decomposed by warm solutions 
of sodium carbonate or sodium hydroxide, and that it is soluble in both dilute and 
concentrated nitric acid. In concentrated hydrochloric acid boron arsenate reacts to 
form arsenious chloride and chlorine. Boron arsenate is soluble in dilute sulphuric 
acid but not in cold concentrated sulphuric acid'?°; it does, however, form gels in 
concentrated sulphuric acid.** 

Boron arsenate may be reduced to the elements by ignition with aluminium or 
calcium silicide if a primer of potassium or sodium nitrite and calcium silicide is 
used. 


Metal Boroarsenates 


Levi and Curti?®” reported results which indicate that boroarsenic acid exists in 
solution, even in the presence of energetic hydrolyzing agents, if the solutions are 
of sufficiently high concentration. Levi and co-workers?*®° also state that complex 
potassium boroarsenates are formed in concentrated aqueous solutions of boric 
acid and potassium dihydrogen arsenate. 

Bauer?! describes the formation of calcium and strontium boroarsenates of the 
form MBAsOs; by thermal synthesis. These compounds are stated to have a hexa- 
gonal structure containing 3 molecules per unit cell and to melt incongruently. 
A hydrated form of calcium boroarsenate, Ca,BAsO,(OH).4, occurs as the mineral 
cahnite.2°? This compound forms tetragonal crystals with crystal lattice constants 
a=7-11, c=6-20 A, and it has 2 molecules per unit cell. Its structure is similar to 
that of zircon but it is a derived structure based on KH2AsQx,, so that the formula 
may be written CaH2B,)2As;;204.7°* 


BORON-OXYGEN COMPOUNDS OF OTHER GROUP V ELEMENTS 
Antimony 


Antimony. borate does not appear to have been described as such, although glasses 
may be made by fusing the parent oxides together. The equimolar Bz03;—Sb2O3 glass is 
described as light lemon yellow in colour, but colourless if less than 31 mol-%% of 
Sb,O3 is present.28* Later research showed that clear glasses were obtained at up to 
35 mol-% Sb2O3, with small particles of an undissolved phase present in melts of 
higher concentrations.?®° In neither study, nor in a later examination of the B2O3- 
Sb20; system?®°, was a crystalline compound detected. B2O3;-Sb203 glasses are 
slowly hydrolyzed in cold water.?° 


Bismuth 


Levin and McDaniel2!! found four congruently melting compounds to exist in the 
BizO;-B2O3 system. These compounds, which may be considered as bismuth 
borates, are 2Bi2z03,B20s3, 3Bi2z203,5B203, Bi203,3B203 and BizO03,4B203. Their 
melting points are 675°C, 722°C, 708°C and 715°C, respectivély. The last of these 
compounds shows a sluggish transformation at 696°C. The crystal structure of 2Bi2Os,- 
B,O3 has recently been determined?°* and the compound classified as an oxide- 
orthoborate, BizO3(BOs3)2. It is monoclinic with the space-group P2;/c with the cell 
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dimensions a= 11-107, b=6-627, c=11-044 A and B=91-04°. A body-centred cubic 
phase having the approximate composition 12Biz03,B203, which melts incongruently 
at 632°C, was also identified. It was found in later work that the product of fusing 
bismuth oxide and boric acid contained two different phases, depending on cooling 
conditions, but both were polymorphs of BiBO3.?°? At 600°C this compound decom- 
posed to 2Biz03,B203 and 3Bi203,5B203. Hyman?°* described the 2:1 borate as an 
oxide—orthoborate and assigned the formula Bi,O3(BO3)2. The compound is mono- 
clinic. Recently, sillenite phases have been found within the system BizgO;,-BPO., but 
not in BicO.—B.O03.2'*% 

Some electrical properties of bismuth borate glasses have been determined.??2 
The dielectric constant ranges from 14-1 to 14:25 at 1 kHz and from 10-3 to 31:1 
at 9600 MHz. The electrical resistivity of these glasses ranges from 0:0058 ohm cm 
to 340 ohm cm at 130°C and from 1:79 ohm cm to a value greater than 2:10 ohm cm 
at 230°C. 


Vanadium 


Boron vanadate, BVO,, has been prepared by fusing together boric acid and 
vanadium pentoxide?®°: 


2H3BO3 af V2.0; ee 2BVO,z ie 3H2O0 


The product melts at 600°-800°C 1°°-®° and remains glassy if quenched very rapidly 
from this temperature. The material devitrifies if cooled somewhat less rapidly after 
fusion.'®° The infra-red spectrum of vitreous boron vanadate shows that the V+ 
ion is surrounded by three bridging oxygen ions and one non-bridging oxygen ion, 
and it also shows a band due to V—O vibration. Studies of boron vanadate prepared 
at high temperatures and pressures have not shown other structural forms to 
exist:?7 

A compound of the formula VBOg3 is prepared by heating the metal oxide and 
chloride with boric oxide in a sealed quartz tube.?°° This compound is stated to 
have a calcite structure. It is a ferromagnetic semiconductor.?°* Phase diagrams of the 
vanadium pentoxide—boric oxide system, and the vanadium pentoxide—borax system, 
have been published.?°°" The former shows no eutectic, while the latter shows two 
eutectics and compound formation at three compositions. Another study of the vana- 
dium pentoxide—boric oxide system demonstrated a weak interaction between these 
oxides.?°8 

According to Ghiron, bivalent metals form borovanadates of two general forms: 
2M"0,3B203,V205 and M"O,B2O3, V205.19° 799 These salts are prepared by main- 
taining fusions of the metal oxide, carbonate or hydroxide with vanadium pentoxide 
and excess of boric oxide at 1000°C for several hours. Lead and cadmium boro- 
vanadates of the first type, and lead, cadmium and zinc borovanadates of the second 
type have been prepared in this way. All these salts hydrolyze very readily and 
cannot be prepared in aqueous solution.?°° 

The preparation of the compounds 4FeO,B203,V203, 4CoO,B203,V203 and 
2MgO,B203,V203 by electrolysis from molten baths at temperatures in the range 
850°—900°C, as well as their crystallographic parameters, have been reported.??° 


Niobium 
Passing reference is made by Fujiwara to the relative solubilities of nobium borates, 
phosphates and sulphates.?7* 
Tantalum 
Tantalum borate, TaBO,, has been prepared??? by fusing tantalum pentoxide and 
boric oxide in the proportion 1 to 15; crystalline tantalum borate separates from the 
melt. The lattice constants of the crystals, which are of the zirconium silicate type, 


are a=6:201 and c=5:475 kX, and the space group is Di? — 14/amd. The interatomic 
distances are B—O(d) 1:43 kX, Ta—O(e) 2:03 kX and Ta—O(f) 2:10 kX. Blasse and Van 
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den Heuvel?°? confirmed the zircon structure and commented upon the unusual co- 
ordination for the cations: Ta°* in 8- and B°* in 4-coordination. The infra-red and 
Raman spectra were measured. TaBO, showed a bluish-white luminescence under 
ultra-violet excitation at liquid-nitrogen temperatures. 

The relative solubility of niobium and tantalum borates is mentioned by 
Fujiwara.2?* 


BORON-OXYGEN COMPOUNDS OF GROUP VI ELEMENTS 


Sulphur 


Levi and Gilbert+® reported the existence of two boratosulphates in the B,.O,— 
SO;-H20 system at 25° and 45°C. These compounds were formulated as H3BOs3,- 
B203,S03,4H20, which forms fine, white crystals, and 3B.03,SO3,3H2O, which 
forms larger, colourless crystals. During a more recent study at 25°C, Nowdjavan 
et al.?°° isolated and characterized by X-ray diffraction the compounds: SO3,B2O3,- 
4H.O; SO3,3B203,3H20; 6SO3,B203,8H20; 6SO3,2B203,4H.O; 6SO3,B203,3H.O0; 
4S03,B203 and 2SO03,B203. 

Gillespie and co-workers??? found that boric oxide and boric acid both give the 
ion B(HSO,), on solution in anhydrous sulphuric acid: 


B.O3 + 9H2SO,4 — 2B(HSO,); +3H30+* + HSO7 
H3BO3 + 6H2SO. — B(HSO,), + 3H30* + 2HSO;7 


In oleum, tetra(hydrogen sulphate) boric acid, HB(HSO,),, which is a strong acid 
having a K, value of 0-222°, is formed. This acid was prepared by the reaction of 
boron trichloride with sulphuric acid???: 


The formation of boron tri(hydrogen sulphate), B(HSO.,)s, by the reaction of boron 
trichloride with anhydrous sulphuric acid, is also reported. Arotsky and Symons??? 
found that boron trichloride reacts with oleum to give a non-conducting compound 
which was thought to be B(HS207)3. This compound in turn reacts with HS.O7 
ions to give B(HS20O7)z ions. 

The cryoscopic behaviour of boric acid and boric oxide in disulphuric acid has 
been interpreted??° in terms of the formation of a complex sulphato-boric acid, 
HB(HS-207)., which appears to be a strong acid in disulphuric acid. 

A study of the B,03;-SO3 system showed only one compound, B2,03,2SOs3, to 
be formed.?2* It may be prepared by heating boric oxide with excess of sulphur 
trioxide in a sealed tube to a temperature greater than 150°C for 12 h. This compound 
is extremely hygroscopic but is stable in dry air. It decomposes at above 100°C. 

Gillespie and co-workers*?*: 22° obtained salts of tetra(hydrogen sulphate) boric 
acid by neutralizing sulphuric acid solutions of this acid with sulphuric acid solu- 
tions of the equivalent quantities of the normal sulphates of potassium, sodium, 
ammonium, barium and strontium, and of 2,4-dinitroaniline. They consider that 
these salts are best formulated as polysulphatoborates containing the ring: 

B—O 
Ysopsin 


O S 
\p_o” 


and state that sulphatoborates previously described by other authors can also be 
formulated satisfactorily on this basis. 

The existence of compounds having the formulae Na2S,2B203, Na2S,3B203 and 
Naz2S,4B203 in the glasses formed in the system NazS—B2O3 has been reported 27°, 
while the compound Al(SO,)3,B2O03 is mentioned in a Russian patent.??7 


Selenium 
Selenium borates do not appear to have been prepared. 
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Tellurium 


Pavlova et al.2°! made a study of the TeO.-B2O3 system by thermal analysis over the 
range 50-100 mol-’% TeO2. They found a region of two immiscible liquids extending 
from 50-95 mol-°% TeOsg. 


Chromium 


Chromium borate, CrBOs, is prepared by heating a mixture of chromium trioxide 
and calcium carbonate with a large excess of boric acid at 1100°C for 12 h.?5 
It has also been prepared by heating chromium trioxide and chromium dichloride 
together with boric oxide and boric acid at about 1000°C in a sealed container.?°® 
Russian workers later prepared it by the careful dehydration and calcination of a 
mixture of boric and chromic acids.2°° Chromium borate forms rhombohedral crystals 
based on hexagonal cells, the lattice constants of which are a=4-577 and c=14:25 A; 
they have a density of 4:2 gcm~*%.215 It is isotypic with VBO3; but, by contrast, 
CrBOs is antiferromagnetic.2°* Chromium borate decomposes at 1220°C into chromium 
trioxide and boric oxide.?!° Hydrated compounds of the general formula 2Cr2Os3,- 
3B.03,nH20 (n=13 or 18) have been prepared in dispersed form from aqueous 
solution.?°” 

Complex bivalent chromium—boron compounds having the composition 
CrXOH,H3BOz3 (X is chlorine, bromine or iodine) have been prepared??® and are 
claimed to be usable in chromium-plating baths. They are made by mixing the 
chromium dihalide solution with boric acid, or boric acid and borax, or boric acid 
and calcium carbonate at pH 2:5—4:5 in the absence of air. The precipitate obtained 
consists of tetragonal crystals and is stable in air when dry. 


Molybdenum 


Schumb and Hartford reported that boric acid and molybdic acid did not enter into 
complex formation??’, and there are no reports of the existence of molybdenum borates. 
Russian workers confirmed this finding almost forty years later.2°* The shape of the 
solidus curve obtained in a study of the MoO3-B.O3 suggested a metastable demixing 
into a crystalline phase (MoO3) and a glassy phase (B2O3), but no binary solid phase. 
A similarly negative result was reported?1® for boromolybdates. However, Russian 
workers were later able to synthesize octahedral crystals of 3Na20O,B203,24MoOs,- 
54H2O by the anodic acidification of a sodium molybdate-boric acid mixture.?® 


Tungsten 


12-Borotungstic acid is reported to exist in a number of hydrated forms. 
Kraus 228-3° has recorded compounds containing 14 and 31 molecules of water of 
crystallization, respectively, Hs;BW120.40,14H2O and HsBW,20.40,31H2O. The 14- 
hydrate is stated?29-°° to be triclinic and to be isomorphous with other complex 
tungstic acids. This compound is of the space-group C} and the unit cell contains 8 
molecules. The 31-hydrate?2®° is tetragonal and of the space-group D§,, with 2 
molecules per unit cell. In a later publication?*! Kraus and Mussgnug state that 
the only borotungstic acid is formulated as B203,28WO3,62H20O (i.e., Hs5BW1404¢,- 
284H20), which does not accord with either the earlier work of Kraus or the later 
work of others. 

Illingworth and Keggin?*? state that borotungstic acid is a pentahydrate and 
has a structure similar to that of phosphotungstic acid, H3PW120.40,5H2O. Signer 
and Gross?%? also found borotungstic acid to be a pentahydrate and thus to have 
the formula HsBW12049,5H2O. Ripan and co-workers ?*4-° have studied 12-boro- 
tungstic acid extensively and confirm?*® that the formula of this compound is 
HsBW2O040. The constitutional formula for this acid in aqueous solution is 
H,H;[B(W207).6]29*, which dissociates into 5H3;0* and the complex anion 
BW,2085 7°, and is pentabasic.?9” 

Souchay 21° 24° states that two isomeric forms of 12-tungstoboric acid exist which 
differ only in the arrangement of the W3Oio groups, and that 12-borotungstates 
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are converted into 11-borotungstates at about pH 6, the reverse reaction occurring 
at pH values less than 4. 

The absorption spectrum**? of borotungstic acid in the ultra-violet region has 
been investigated, and Brown?*? has studied its thermal decomposition, together 
with that of its potassium salt and its ether-addition compound. 

Borotungstic acid, recorded as HsBW120.40,30H2O, improves the quality of 
chromium-plated surfaces when added to a conventional chromium-plating bath.243 
It has also been proposed ?** to use borotungstic acid in photosensitive systems. 

A gaseous boron tungstate, BWOu,, was identified in the vapour over the WO;-B.O3 
system at 1520°K using effusion and mass spectrometric techniques.?°8 

The following salts of borotungstic acid have been reported: ammonium 22®: 245, 
sodium 2*® 255) potassium ?*’, barium ?*° 248, copper ?4®-° and cobalt.248 

Ammonium 12-borotungstate, (NH4);BW120.40,26H2O, is tetragonal?2® with 2 
molecules per unit cell, and is isomorphous with the 31-hydrate of 12-borotungstic 
acid. The infra-red spectrum of this compound has been recorded.?*5 

Sodium borotungstate, Na;BW120.40,2H2O, has been prepared ?*® from stoichio- 
metric proportions of boric acid and sodium tungstate. It was later recognized that 
there are various forms of sodium borotungstate, obtainable by anodic acidification of 
sodium paratungstate—boric acid mixtures.2°? The Na,O,B,.03;—-Na20,WO;—-WO;- 
B.O; anhydrous (glassy) system has been studied.?7° 

Potassium borotungstate, K;BW120.40,18H2O, is prepared by addition of potassium 
carbonate solution to a nearly saturated solution of borotungstic acid?°°; this com- 
pound also exists in forms containing 12 and 5 molecules of water of crystallization. A 
hydrated salt with 2 molecules of water of crystallization was not observed.25° The 
phase diagram of the anhydrous system B203;-WO3-K20O shows the formation of one 
compound, 3K,0,3B203,4WOz3 (congruently melting) and three eutectics.?”? 

Barium borotungstate, BasHs[B(W2O7)e]e, is made in 55°% yield by treating sodium 
borotungstate with barium carbonate.?*® 

The copper borotungstate—water system has been studied 2*° over the temperature 
range 0°-70°C. The existence of five crystalline hydrates containing 57, 63, 69, 74 
and 77 molecules of water of crystallization was established. 

Borotungstic acid and borotungstates are claimed to catalyze ester-interchange 
between glycols and esters of dicarboxylic acids in reactions leading to the forma- 
tion of linear polyesters.?°+ 

The existence of a complex borovanadotungstic acid, Hs BWioV2039,21 H2O, has 
been recorded.?°? 


Uranium and Americium 


Hexavalent uranium is reported to react with molten boric oxide at 900-1100°C to 
give UO3,B203 (or UO2(BOz)z).?"* It is thermally stable up to 1100°C in air in the pre- 
sence of excess boric oxide, but decomposes at 750°C if boric oxide is absent. The 
crystals are greenish-yellow and are insoluble in water, but hydrolyze slowly. Alkali 
uranyl borates having the formula Mz0,2U03,B203 (or MUO2BOQOs) are also known.?"* 
U2;O¢3 was reported to have a solubility in boric oxide of 3:2°% at 1200°C.?°* There is no 
evidence for the existence of hydrated uranium borates. | 

Americium borate, Am203,B203, has been reported.?”° It has properties similar to 
the corresponding lanthanide borates and has an aragonite structure. Lattice constants 
have been determined. 
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SECTION Al4 
PERBORATES 


BY C. A. MORGAN 


INTRODUCTION 


Inorganic peroxides and soluble borate salts readily react to form solid compounds 
containing usually one atom of active oxygen and one univalent cation per boron 
atom. They are commonly known as perborates, although they are more strictly 
termed peroxyborates. Sodium perborate has received by far the greatest attention, 
doubtless because of the very large tonnages produced industrially. 

Much interest has been shown in establishing the existence and nature of the 
perborate anion in solution and in the solid phase. Uncertainty arose from the 
facts (i) that perboric acid has never been isolated, and (ii) that perborates in solu- 
tion show the reactions of hydrogen peroxide. Also, as solid perborates are excep- 
tionally difficult, if not impossible, to obtain free from hydroxyl groups, there were 
doubts whether they are hydrated peroxyborates or borates with hydrogen peroxide 
of crystallization. Thus ‘sodium perborate monohydrate’ has been considered by 
some to have the structure NaBO;,H2O and by others to be NaBO.,H2Oz. In 1961, 
it was conclusively shown that the anion, in the solid phase, is [(HO)2B(O2)2B(OH).]2~ 
and the above compound is therefore the anhydrous sodium salt of this anion. 

For simplicity and to avoid confusion, the current widely-used terminology has 
been used throughout the following account, with the degree of hydration written 
as if the perborate anion were BO3. 


SOLUTIONS OF BORATES AND PEROXIDES 


The formation of complexes between hydrogen peroxide and borates in solution 
has been studied over many years. In 1900 Constam and Bennett’s! conductivity 
measurements suggested the formation of a monobasic acid. Pissarjewsky?, in 1902, 
measured the distribution coefficient of hydrogen peroxide between ethereal and 
aqueous solutions of alkali borates; his results indicated that complexes in sub- 
stantial amounts were formed, particularly at low temperatures. 

An extensive series of investigations was carried out by Menzel and co-workers 
in the 1920s. They found** that the solubility of boric acid in aqueous hydrogen 
peroxide was slightly lowered as the concentration of the peroxide was increased, 
indicating negligible compound formation. Measurements of freezing-point depres- 
sion, conductivity and distribution between solvents supported the conclusion that 
appreciable combination occurred only with borate anions and not with unionized 
boric acid. Complexes containing one molecule of borate and peroxide predominated 
in dilute solution (0-02 to 0:07 M), but at higher concentrations (as in solutions of 
borates alone), anions of higher molecular weight and charge tended to be formed.? 
For the 1:1 complex the decomposition constant was calculated to be 


[BO 3 ][H202] cay) ° y ° 
[BO..HsO3] ~ 0-033 at 18°C and 0-024 at 0°C, 
and the apparent dissociation constant 
[H * ][BO2,H20 3 ] ctor -§8 ° =§8 fo) 
~THBO.][H2O.] = 1:7x10~-° at 18°C and 1 x 10-8 at O°C 


Refs. p. 682. Literature coverage is up to 1970 
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Since the 1950s the problem has been attacked by using newer physical methods with 
results which—apart from a variety of nomenclatures generally supporting the 
existence of more highly hydrated ions—generally agree with the earlier work. 
Measurements by Edwards°® of the fall in pH of dilute aqueous solutions of boric 
acid on addition of hydrogen peroxide gave some evidence pointing to the forma- 
tion of several more complex species of the type [B(OH)4_-,(OOH),]~, although 
that with n=1 appeared to predominate. The stability of the perborate anion in 
alkaline solution and its effect on pH are illustrated by Edward’s conclusion that, at 
25°C, in a solution initially 0°0S M in Na.B.O,7 and 0:04 M in H2O2 (pH 9:0), 
29% of the borate is combined as a perborate; the proportion increases to 97:6% 
in 0-8 M H.2Oz2 (pH 7:5). 

Equilibrium constants in general agreement with those found earlier were ob- 
tained by Kern® by polarography; he found that the constant for the equilibrium, 
which he expressed as 

[H2O02][B(OH,) “] 
[H202,B(OH) 4] 


rose from 0-03 to 0:05 moles/l as the borate concentration was decreased from 
0:2 M to 0-03 M. 

Antikainen”, using a differential potentiometric method, deduced the existence 
of two peracids, H3BO3,H2O2 and the corresponding dimer, with complex formation 
constants of 1:2 x 10-8 and 2 x 107, respectively, at 25°C for the two reactions: 


H3;BO3+ H2O2. = H* +(H2BO3,H202) 7 
and 
2H3;BO,3 + 2H202 = H* + (H2BO3,H3BO3,2H202)~ 


For the reaction between the univalent borate anion and hydrogen peroxide to form 
the postulated anions (H2zBO3,H202)~ and (H2BO3,2H2O2)~ he calculated values 


[H2BO3,H202] = oadtevand [H2BO3,2H20 2] 
[H2BO 3 ][H202] [H2BO3; ][H202]? 


The nature of the complex anion was considered by Wilson®, who adduced 
evidence for preferring HOOB(OH); to the alternative H202,B(OH)z on the 
grounds that nucleophilic substitution in boric acid of -OH by —OOH according 
to reaction (1) below was more probable than reaction (2) involving borate ion. 


(1) B(OH); + H2O2. + H2O = HOOB(OH)3 + H30* 
(2) B(OH) 7 + H202 = H2O02,B(OH)z 


= 33°6 


This view of the mechanism was supported by the contrasting influence of borate in 
accelerating reactions, such as the oxidation of thiocyanates, in which hydrogen 
peroxide acts as an electrophile, but has no such effect on those reactions (e.g., 
with benzonitrile) in which hydrogen peroxide functions as a nucleophile. It also 
does not imply boron with the unusual coordination number of five. 

In 1970 Koberstein et al.° reported cryoscopic measurements consistent with the 
predominance of the ion [(HO).B(O2)2B(OH).]?~ in concentrated solutions, but 
with occurrence of dissociation on dilution to give univalent anions containing 
one boron atom. 

Various authors have commented on the speed with which equilibrium is attained 
between the peroxyborate anion and hydrogen peroxide, and it has been shown 
polarographically that decomposition occurs via hydrogen peroxide®, thus explain- 
ing why perborate shows the same chemical reactions as hydrogen peroxide. 

In aqueous solution the peroxidic oxygen atoms do not exchange with water, 
in contrast to the (non-peroxidic) oxygen atoms in borates; this was shown both by 
Franchuk and Brodski**®, who measured the '8O content of oxygen evolved during 
the thermal decomposition of sodium perborate dissolved in H28O, and by Edwards 
et al.28, who found the same ratios of 18O in dissolved NaBO3,4H.2O as in the 
hydrogen peroxide from which it had been made. 


Refs. p. 682 
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STRUCTURE OF SOLID PERBORATES 


Much of the past disagreement about the existence of the perborate anion in the 
solid phase seems to have stemmed from the observations of Riesenfeld and Rein- 
hold?° and of LeBlanc and Zellermann?!, who claimed a distinction between true 
perborates with a peroxyborate anion, pseudo-perborates with firmly bound hydro- 
gen peroxide, and those which were addition compounds containing hydrogen 
peroxide of crystallization. They based their views on the differing reactions of solu- 
tions with cold potassium iodide solution, with which it was claimed that the true 
perborates released iodine, the pseudo-salts did not react, and the addition com- 
pounds gave oxygen. For example, NaBO;3,4H.2O was described as a pseudo-salt 
and KBO3;,0-5H2O a true perborate. Although Menzel et al. at first supported this 
view ‘2, they later’* queried it, having found that both reactions could occur simul- 
taneously. But some other authors maintained that the peroxyanion did not exist, 
e.g.15-1® The rapid equilibration in solution was apparently not realized at the time. 

Evidence for peroxyborate anions was also adduced from the existence of solid 
perborates containing larger amounts of active oxygen than could be ascribed to 
peroxide of crystallization, e.g., Partington and Fathallah+7-7* prepared LiBO.,H.O, 
NaBO;,H20O, RbBO.,,0'5H2O and CsBO,,0:5H2O. Other workers also showed 
interest in dehydrating ordinary perborates with one active oxygen atom per boron 
atom. The problem was, however, not satisfactorily explained until use was made 
of newer non-destructive physical methods. 

Prior to the introduction of most of the modern methods for examining solids 
Menzel**, in 1927, deduced from cryoscopic measurements on concentrated solu- 
tions that perborates of general formula MBO3,H.2O (e.g., NaBO3,H2O) should 
be represented as 


HO OH 


O O O 
RK, Sherdsitceh 
B B 

Ane wectiod> 
HO O 


M2 
OH 


(containing boron with a coordination number of 4) and those of formula MBOs3,- 
0-5H.O (e.g., with M=K and NH.) as 


Me B—B 
VA \ 
O O 


(with 3-coordinate boron) (see also 1*). 
Other authors put forward structures such as I and II below for the ‘pseudo’ 
and ‘true’ per-salts (Matejka?°); III is due to Kretzschmar.?° 


O—O pt HO oo |*~ 
x ~ lea ea 
O—B B—O BOOB 
ai Wh ad ine 
O—O O OH 
I II 
O O o]- 
Pa aC 
B B 
Siaatal. Reaheanen>y. 
O O O 
ll 
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Theoretical arguments against structures with 4-coordinate boron were put for- 
ward by Carpeni.?!~? Partington and Fathallah!® favoured structures based on 
Menzel’s views for the higher perborates. 

In 1958 Connor and Richards?* examined the proton resonance spectra of the 
crystalline perborates of sodium, potassium and rubidium and concluded that, as 
most of the hydrogen was present in water of crystallization, the salts contained 
mainly peroxy-anion with only small amounts of peroxide of crystallization. (This 
contrasts with their views on perpyrophosphates and percarbonates.) The tetra- 
hedral configuration of boron was shown by NMR spectra of single crystals of 
NaBO3,4H2O (Edwards et al.24-®). Conclusive evidence was given for the structure 
of the anion in 1961 by Hansson’s X-ray crystallographic studies 2° on both single 
crystals and powders of sodium perborate prepared by methods previously claimed 
to have given specifically either NaBO3,4H2O or NaBOz,H202,3H20. Both methods 
gave a product with the structure: 


HO OH 


O 
aN SION ys 
BY \O\B 

ust OF Dx 
HO OH 


i.e., with an anionic formula Na2[(HO)2B(O2)2B(OH)2],6H2O. From the similarities 
of several types of spectra, Koberstein and coworkers® recently concluded that 
NaBO;3,3H2O and NaBO3,H2O were based on the same anion as NaBO;3,4H.O. 
Other work by several investigators supports the existence of a peroxyborate 
anion with a structure such as that above. Van Gelder?” was unable to detect any 
partial pressure of water above NaBO3,H2O. Edwards et al.2® showed that, whereas 
dehydration down to NaBO3,H2O does not break peroxidic bonds, attempts to 
remove more water disrupt the molecule. The resultant product (see ‘anhydrous 
sodium perborate’ below) is a highly paramagnetic heterogeneous material contain- 
ing O2 and O 3 as well as peroxyborate radicals and possibly interstitial oxygen, 
shown by isotopic studies to have originated entirely from peroxidic groupings. 
Unfortunately, there appears to have been no similarly extensive examination 
of the structures of KBO3,0:-5H.2O, of anhydrous ammonium perborate, or of the 
anhydrous highly peroxidized sodium perborate mentioned subsequently. 


SODIUM PERBORATES 


Other perborates have not received nearly as much attention as sodium perborate 
tetrahydrate (NaBO3,4H2O) and the monohydrate derived from it. Several hundred 
thousand tons of tetrahydrate are produced annually. The only other well-charac- 
terized sodium perborate is the trihydrate, which was discovered relatively recently. 
Concern with other perborates, including so-called ‘anhydrous sodium perborate’, 
has largely stemmed from interest in the structure of the peroxyborate anion. 


Sodium Perborate Tetrahydrate, NaBO;,4H.O 


The preparation of sodium perborate tetrahydrate by both chemical and direct 
electrolytic methods has been studied extensively for both large- and small-scale 
production. 

In the chemical methods the desired ratios of sodium, borate and peroxide are 
obtained by the appropriate choice amongst the possible reactants borax (Na2B,O,,- 
10H2O), sodium metaborate (NaBOz,H.O), boric acid, sodium peroxide and hydro- 
gen peroxide, plus either sodium hydroxide or an acid. Early work is reviewed in 
Mellor, V, 115-21, and updated in Machu’s book?® on peroxidic compounds. 
German manufacturing processes current during the early 1940s have also been 
reported in detail.°° There are also many patents describing process variations, but 
few recent papers.°!~? 
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Industrially, the three most important routes have been: 


1. the Castner—Kellner ‘acid’ process introduced in about 1915, 
Na2B,07,10H20 + 4Na,02+ HCI + H.0 — 4NaBO;3,4H20 + 6NaCl; 


2. the ‘duplex’ process developed in the early 1920s, 
Na2B.407,10H20 + 4Na2.02 + 3H202+ 6H20 > 4NaBO3,4H20+ 6NaCl; 


3. that now most commonly used, 
(a) Na2B,0O7,5H2O +2NaOH — 4NaBOz.2 - 6H2O, 
(b) NaBOz. eT H.O.2 - 3H2O => NaBO3;,4H20. 


The change in favoured reactants can be ascribed to progress in the manufacture 
of hydrogen peroxide. In method 3 borax (or a commercial tetraborate of lower 
hydration) and sodium hydroxide are dissolved in hot aqueous mother liquor to 
give a solution containing 200-600 g/l of sodium metaborate (in practice usually 
with a Na:B ratio slightly less than 1:1). This liquor is cooled to just above 0°C 
and mixed with cooled hydrogen peroxide in an agitated vessel fitted with equip- 
ment for refrigerative cooling. Sodium perborate tetrahydrate crystallizes out; it 
is separated from the recycled mother liquor and dried at restricted temperatures. 
Patents indicate that the reaction can take place in the presence of organic substan- 
ces resulting from the manufacture of hydrogen peroxide by oxidation of isopropanol 
or by an anthraquinone process. 

Considerable industrial attention has been paid to obtaining operating conditions 
which yield a product having a high resistance to decomposition during storage and 
having particles with size, shape, density and properties which resist caking and 
attrition, to suit blending with other components of detergent powders. Addition 
of substances such as magnesium salts, silicates, polyphosphates, detergents and 
stabilizers such as those used for hydrogen peroxide is also mentioned in the exten- 
sive patent literature. 

As described in Mellor, V, 116, Tanatar in 1898 prepared sodium perborate by 
electrolysis of a solution of sodium borate alone, although his results were subse- 
quently disputed. 

Later workers. have generally used methods based on the conditions evolved by 
Arndt and co-workers **-* who electrolyzed concentrated solutions of sodium car- 
bonate (120 g/l) and borax (30 g/l). It appears to be accepted that temperatures of 
10°-15°C, current densities of 10-20 A/dm? and concentrated solutions are bene- 
ficial. Additives such as chromate, silicate, fluoride, etc., have been recommended. 
For the anode, platinum is considered best and graphite tolerable, but anodes 
made of iron, bismuth, tungsten, molybdenum, copper or tantalum are not satis- 
factory. As cathodes tin, silver, copper and nickel are possible but seem inferior to 
platinum.?°*1 Current efficiencies up to 70-80°% have been reported by Stepanov.*® 
According to Khomutov and Sklyarov, replacement of sodium carbonate by the 
more soluble potassium carbonate improved the current efficiency to 93% ata 
current density of 50 A/dm?.*? Superimposition of alternating current was found to 
have no effect.*? 

The presence of carbonate ions appears essential **~°, e.g., Matsuda** found that 
the yield of perborate was negligible if sodium hydroxide replaced the carbonate. 

The anodic processes have been the subject of some investigation.*®-* Hydrogen 
peroxide is not an intermediate, as Haissinsky and Cottin found it to inhibit the 
formation of perborates and percarbonates.*® The hypothesis that the first step in 
the reaction involves formation of percarbonate (presumably a perdicarbonate) 
was supported by Franchuk and Brodski*®, who carried out electrolyses using 
H2?8O and Na2C?*®O3 with results which indicated that the percarbonate initially 
formed hydrolyzes to hydrogen peroxide, which then combines with the borate. 

Electrolysis is believed to be no longer used industrially in the manufacture of 
perborate. 
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Sodium Perborate Monohydrate, NaBO;,H.O 


Sodium perborate monohydrate can be obtained from the tetrahydrate by drying 
it over sulphuric acid or phosphorus pentoxide at room temperature, by washing 
with alcohol or by heating to 50°-55°C, either in a vacuum or, industrially, in a 
large flow of air, so that the temperature does not exceed 60°C and melting and 
decomposition are avoided.'® *°-*1 The reaction is reversible but, as discussed above, 
attempts to obtain further dehydration cause breakdown. Monohydrate has also 
been prepared by dehydration of the trihydrate. It is stated by Koberstein et al.° 
to have a density, solubility and vapour pressure which differ slightly from those of 
the product from the tetrahydrate. 


Sodium Perborate Trihydrate, NaBO;,3H,O 


In 1956, Van Gelder described a new hydrate (NaBO3,3H2O) which he made from 
the solid tetrahydrate either by keeping it in an enclosed space at 50°C for a consider- 
able time or by heating an aqueous slurry of tetrahydrate for 4 hours at 50°C and 
thereafter drying the crystals at 40°C.?7:°2-3 Alternatively, solid or molten tetra- 
hydrate can be heated to 70°C in the presence of a little mono- and tri-hydrate.®* 

The trihydrate can also be prepared from a solution of sodium metaborate and 
hydrogen peroxide by seeding the solution with crystals of the trihydrate.5>-* Some 
workers advised that electrolytes which lower the solubility of the trihydrate 
should be absent°’ but others advocated their presence.°® An alternative route is by 
reacting a solution of borate, excess alkali and hydrogen peroxide at 20° to 60°C 
and then treating with acid.°? 

Between 18° and 50°C the trihydrate is more stable than the tetrahydrate in con- 
tact with water, although it crystallizes more slowly. But below 15°C it is spontan- 
eously converted into the tetrahydrate. 

The thermal stability on storage at elevated temperatures, which is stated to be 
greater than that of the tetrahydrate, is claimed to be improved by the presence of 
magnesium silicate.®° 

Bulk supplies of the trihydrate seem not to be currently on the market. 


Other Sodium Perborates 


A compound NaBOz,NaBO;,4H2O was prepared by Van Gelder by heating 
NaBO;,4H2O0 with excess sodium metaborate at 50°C and reacting the resultant 
crystals with hydrogen peroxide at 60°C. The product was stable only above 23°C, 
had a distinctive X-ray pattern, did not lose water at 80°C and melted at 88°C.5? 

An acid perborate with a formula corresponding to NaH(BOz2,H2O02)2 was claimed 
to be formed by treating borax (1 mole) with 3 to 5 moles of hydrogen peroxide and 
evaporating at below 60°C under reduced pressure.® 

So-called ‘higher perborates’ with more than one atom of active oxygen per 
boron have been obtained by Partington and Fathallah!’-1®, who reacted solid 
sodium metaborate with excess hydrogen peroxide and then, with alcohol, precipi- 
tated products having analyses corresponding to formulae varying between 
NaBOs3.85,1-47H2O and NaBOxz.gg,1-02H2O. Kazragis and Prokopcikas ®? described 
an easier way of making these higher perborates from borates with higher boron 
to sodium ratios and large excesses of hydrogen peroxide. In this way NaBO3..,- 
1-5H2O was obtained, which could be almost completely dehydrated over desic- 
cating agents. Alkali perborates of this type have poorly defined crystals, decompose 
explosively on heating and have solubilities in cold water of less than 100 p.p.m. 
Their low solubilities in all solvents have prevented measurement of their molecular 
weights, and apparently no detailed study of their structures has been carried out. 

The patent literature also includes accounts of perborate compounds of unspeci- 
fied composition, usually made by rapid drying of the reactants. They generally 
contain 16-20% of active oxygen, have Na:B ratios greater or less than unity and 
can contain ratios of water to active oxygen of less than 1:1. Some are said to have 
higher solubilities and stabilities than the common tetrahydrate (e.g., ®°-®). 
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Anhydrous Effervescent Sodium Perborate 


Whereas sodium perborate tetra- and tri-hydrates can be reversibly dehydrated 
to the monohydrate, disruption of the molecules occurs in attempts to obtain fur- 
ther dehydration by heating (e.g., °°). This is not surprising because the monohydrate 
has been observed to have a negligible partial pressure of water above it5? and this 
fact is in agreement with modern views of the structure (see above). 

By careful heating at 100°-130°C, products are formed which release oxygen on 
contact with water.1?-1%-15-°° This reaction, observed only with perborates, was 
extensively studied by Edwards and co-workers ?*®’7°, who used a variety of physical 
and chemical techniques to examine what they called ‘effervescent magnetic per- 
oxyborates’. Their conclusions were that the materials were heterogeneous and 
contained Og and Og ions as well as a peroxyborate radical and possibly inter- 
stitial oxygen molecules. 


Physical Properties of Established Sodium Perborates 


Melting points of the established hydrates of sodium perborate are: NaBO;,4H.O, 
65:5°C*?, 63°C®?; NaBO3,3H2O, 82°C°?; NaBO3,H2O, 70°C.° Only the tetra- 
hydrate is hygroscopic. 

The solubilities in water have been reported both by early workers and more 
recently +9» °!-?; values lie between 1:5 and 4% at temperatures between 15° and 
30°C. The trihydrate is less soluble than the tetrahydrate between 18° and 50°C.?27 
Sodium metaborate decreases the solubility when present in amounts up to about 
25 g/l but higher concentrations thereafter raise it.74’?7 The solubility is increased 
by boric, tartaric and citric acids, glycerol, or small amounts of magnesium and 
ammonium sulphates. Alkali polyphosphates are stated to render the perborate 
freely soluble.’? 

The pressure of water over the tetrahydrate was found by Taylor and Taylor‘? 
to follow the equation 


log p = 12:19—3,236/T 


No detectable pressure of water vapour was found above the monohydrate.2” 

The standard heats of formation (25°C) of crystalline tetrahydrate and in (hypo- 
thetical) 1 molar solution are —504-8 and —220-0 kcal/mole’*; these values are 
derived from results obtained by Tanatar in 1898. 

The results of infra-red, NMR and ESR studies are given by Edwards et al.?8; 
Connor and Richards?°; Miller et al.’*; Onak et al.7°; and Koberstein et al.° 

The piezoelectric properties were reported by Koptsik et al.7® 

Lattice constants for the tetra- and tri- sini tags have been determined by Van 
Gelder®? and by Hansson.?° 


CHEMICAL PROPERTIES OF PERBORATES 
Thermal Decomposition 


On heating, sodium perborate ultimately decomposes into oxygen and sodium 
metaborate (NaBO,2). At about 250°C the reaction is rapid and complete, but on 
heating solid sodium perborate at 110°-130°C the anion is disrupted to give hetero- 
geneous paramagnetic materials containing, inter alia, Of and Oj (v. supra). On 
storage alone at room temperature, commercial sodium perborate tetrahydrate 
loses about 1°%% of active oxygen per year, but in detergent mixtures the rate is about 
15 times as great.”” Stabilizers are commonly incorporated in industrial products. 

At its melting point, NaBO3,4H2O dissolves in its water of crystallization with a 
consequent increase in decomposition rate. The mono- and tri-hydrates, with higher 
melting points, have lower rates of decomposition on warm storage.?” 

Thermogravimetric studies on perborates with one active oxygen per boron 
have been described by Koberstein®; Kazragis et al.°? similarly examined the de- 
composition of perborates richer in oxygen. The thermal decomposition of sodium 
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perborate in aqueous solution is of importance in view of its widespread use as a 
bleach. However, in such practical circumstances, conditions differ from those of a 
pure substance in simple aqueous solutions because of the presence of stabilizers, 
other constituents of detergents and the fabric being treated. 

Sborgi and Nocentini, in 1920, found ’® the decomposition of a commercial sodium 
perborate in water to be approximately monomolecular, with a rate at 10°C about 
half that at 20°C; at 40°C it was found to be five to six times that at 20°C. Both 
boric acid and sodium hydroxide were observed to retard the reaction, whereas 
sodium metaborate slightly increased it. This observation conflicts with that of 
Jinkins and McGraghan’’, who found that the rate of decomposition increased 
with pH. The latter are supported by manufacturers’ literature, which also indicates 
that a 1°% solution decomposes in water to the extent of 15, 25 and 90% after five 
hours at 60°, 80° and 100°C, respectively. Lewis and Eggertsen®° found that a solu- 
tion containing equivalent quantities of boric acid, hydrogen peroxide and sodium 
hydroxide decomposed more rapidly than a solution of sodium perborate of the 
same concentration. 

According to Sborgi and Nocentini’®, solid iron, nickel or zinc retards the 
decomposition, which they found is heterogeneously catalyzed only by metallic 
platinum, gold and copper. The dissolved ions of iron, copper, lead, mercury, cobalt 
and especially manganese accelerate decomposition, whereas tin, zinc, nickel and 
particularly cadmium ions decrease the rate. Hagen and Larsen obtained some- 
what similar results at 100°C in distilled water.®* Sodium silicate was stated by 
Dalstr6m not to stabilize perborate dissolved in distilled water ®? but silica gel was 
claimed to be effective®*; phosphate ions also acted as stabilizers.°* Prokopcikas 
et al.®° found the order of reaction to lie between 0 and 1 in the presence of nickel, 
cobalt or copper ions, which these authors considered to form unstable peroxides 
with cobalt and copper or unstable nickel perborates. The effect of inorganic ions 
under practical conditions and in the presence of polyphosphate was described by 
Heymer and Harnisch.°®° 

Organic materials described as retarding decomposition of perborate in solution 
(as opposed to stabilizing the solid) include proteins®’, soap’® and certain poly- 
hydroxy compounds—such as gluconates and mannitol—which form complexes 
with borate ions.°* Sborgi and Nocentini’®, found that certain compounds—e.g., 
tannic acid and acetanilide—which retarded the decomposition of hydrogen per- 
oxide had far less effect on sodium perborate. Quantitatively, the effects of catalysts 
and stabilizers on the rates of decomposition outweigh the influence of pH and 
perborate concentration. 

Considerable industrial attention has been given to activators, i.e., materials intro- 
duced with the aim of increasing the rate of bleaching at about 50° to 60°C. Accord- 
ing to recent reviews by Gilbert ®°, those usually favoured are either certain metals 
complexed with moderately strong agents or organic substances which form per- 
acids, e.g., tetra-acetyl ethylene diamine and triacetyl cyanurate. The patent litera- 
ture mentions, inter alia, copper salts®*®, acyl esters of phosphonic or phosphinic 
acids®', organic nitriles°*, chloracetyl salicylic acid°°, p-acetoxy benzene sulphon- 
ate°*, phthalic anhydride and formamide.°> 

The mechanisms of bleaching and thermal decomposition in solution are believed 
to follow those of hydrogen peroxide, where evidence points to the formation of 
a transition complex which either gives off oxygen or oxidizes a substrate.”’ 


Other Chemical Reactions 


As is to be expected from the rapidity with which hydrolysis occurs in aqueous 
solution and the similarity of polarograms to those of hydrogen peroxide, the chem- 
ical properties of solutions of sodium perborate in the main resemble those of the 
corresponding dilute solution of hydrogen peroxide and sodium borate. Rates of 
reaction may, however, be affected by the peroxyborate ion.® °° 

Early workers found, as described inter alia in Mellor, V, p. 118, that with sodium 
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perborate concentrated sulphuric acid reacted to give ozonized oxygen; chlorine 
was released from hydrochloric acid; oxygen was evolved with bromine water, 
iodine, and quantitatively with sodium hypochlorite®’; mercury and gold®® were 
released from certain of their salts; ferrous ions were oxidized to ferric; and per- 
manganate yielded manganese dioxide and oxygen. Chromates and titanic salts 
formed coloured substances (this last reaction forming ®® the basis of a test sensitive 
to 50 p.p.m. of hydrogen peroxide) as do the complexes of cobalt and iron with 
nitrilotriacetic acid’°° and manganese—picolinate complexes.1°4 

More recently, workers have studied the reactions with sodium chlorate; in acid 
solutions, chlorine dioxide is formed at 60°C?°?, whereas at lower temperatures 
perborate gives good yields of sodium chlorite, NaClO..1°3-* With sulphur dioxide, 
solutions of perborates give sulphate; hydrogen sulphide reacts to form mixtures 
of sulphate, sulphite, thiosulphate and dithionate.1°> Reactions with organic com- 
pounds include cleavage of «-diketones.’°® Oxidation of polyhydroxy-alcohols 1°”, 
e.g., glycerol, yields formaldehyde.'°® Perborate is also used for the oxidation of 
benzoic acid*°’, as well as the industrially practised oxidation of vat and sulphur 
dyes and the bleaching of unwanted colorations, described below. 


PERBORATES OF METALS OTHER THAN SODIUM 
Lithium Perborates 


LiBO3,2H2O was made by Menzel and co-workers!2-1% by addition of alcohol 
to an aqueous solution of the borate and hydrogen peroxide. The monohydrate 
was prepared from it either by dehydration or on crystallizing a saturated aqueous 
solution at room temperature; its solubility is about 0:23 moles/litre at 18°C. On 
heating to 117°C abrupt loss of oxygen occurs, all active oxygen being lost on reach- 
ing 250°C. 

Somewhat earlier, Bezner-Lo6wy'*® prepared a compound analyzing as Li,B2Os,- 
2:5H2O, both by chemical methods and by electrolysis of lithium borate plus potas- 
sium carbonate. The product was stable up to 50°C and showed the unusually high 
solubility of 10 g/100 ml water at room temperature. 

Substances containing higher amounts of active oxygen were described by Par- 
tington and Fathallah'’+8, with formulae ranging from LiBOg.5,1-5H.,O to 
LiBO3.93,1:04H2O. 


Potassium Perborates 


Whereas the chemical and electrolytic'?? methods for preparing potassium per- 
borates and their properties generally resemble those of the corresponding sodium 
salts, lower hydrates, e.g., KBOz3, 0-SH2O, are more readily obtained.1?-!° For this 
hydrate, a dimeric anion containing 3-co-ordinate boron was postulated by Menzel !4 
although this has not subsequently been established. An anhydrous perborate was 
claimed to have been made by evaporation under vacuum in the presence of excess 
hydrogen peroxide.*?? 

Other compounds richer in oxygen include KBO,,H2O, first reported in 1912, 
of which a different form and a lower hydrate have recently been claimed?1°, and 
an extensive series ranging from KBO.,0-7H2O to KBO,..,0°9H2O made by Part- 
ington and Fathallah.‘7-7® A compound with an active oxygen content correspond- 
ing to KBO 3.7 was prepared by Tsal?!*, who found that the crystal structure varied with 
the amount of active oxygen. 

Similar highly oxygenated substances containing lower amounts of water, e.g., 
KBO,,0:-5H20, KBO3.3, and KBOx,.,,0-1H2O have been studied by Kazragis and 
Prokopcikas ®*, who found them to have solubilities in water of under 1 g/litre at 
room temperatures and to possess thermal stabilities increasing as the ratio of active 
oxygen per boron rose to 2 and the hydration decreased. 

Connor and Richards?°, from their NMR study of KBO3.7,0:67H2O, concluded 
that this substance, like sodium perborate, was probably mainly a true hydrate. 
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Rubidium and Czsium Perborates 


Christiansen, in 1904, obtained RbBO3,H20O and CsBO3,H.2O, using alcohol to 
throw them out of aqueous reaction mixtures of the hydroxide, boric acid and hydro- 
gen peroxide. Partington and Fathallah’’-?® similarly obtained a higher perborate 
with 2 to 2:4 atoms of active oxygen and 1-2 to 0-‘SH2O molecules per boron, i.e., 
approximating to MBQ,,0°5H2O. 


Ammonium Perborates 


NH.BO3,0°'5H2O can be prepared by methods similar to those used for the 
alkali compounds. In air it slowly breaks down to ammonia and oxygen; it explodes 
on heating in vacuo to 120°C.12-1% 115 

Anhydrous NH.BO3 was prepared from the hydrate in 1900 by Constam and 
Bennett, by dehydration over phosphorus pentoxide, and by Kretzschmar?!> on 
vacuum drying. The latter author found that the anhydrous perborate had an X-ray 
pattern which could be distinguished from that of the hydrate, into which it could 
be reconverted without decomposition. (This difference in behaviour from sodium 
perborate is interesting.) Its solubility is 1-55°% in water at room temperature. 

Petrenko, in 1902, prepared the mono- and di-hydrates of NH,BO3,NH.,BO,. 
More recently Tsal'?* made NH,BO3,3NH.,BO, and found that, as with the potas- 
sium perborates, the amount of active oxygen affected the structure. A patent+1® 
describes ammonium perborates containing two and three active oxygens per boron 
atom. Tanatar, in 1899, described a monohydrate, and Melikoff and Pissarjewsky, 
before 1900, prepared a hemihydrate with a molar ratio of ammonia to boron of two.11” 


Miscellaneous Perborates 


Published work on perborates other than those of the alkali metals has for many 
years been sparse. Hence, there is little to add to Mellor, V, which mentioned the 
preparation of the perborates of copper, silver, the alkaline-earth metals, magnesium, 
zinc, monovalent thallium‘*®, nickel, cobalt and uranium, generally by double 
decomposition of an appropriate salt with sodium perborate. Ammonium perborate 
was used more recently by Tsal'?* for preparing the perborates of alkaline-earth 
metals, magnesium and beryllium. There have also been descriptions of prepara- 
tions of calcium, magnesium??° and barium??° perborates in the patent literature. 

A soluble material stated to contain active oxygen in approximately the same 
molar concentration as that found in perborates has been prepared from hydrogen 
peroxide and calcined alumina/boric oxide with the approximate composition 
9A1,03,2B2O03. It is not clear whether a perborate was in fact formed.1?1 


ANALYSIS OF PERBORATES 


The principal interest in the analysis of perborates is the determination of the 
active oxygen content. Methods for this are generally based either on mutual reduc- 
tion of peroxidic groups and potassium permanganate to give gaseous oxygen 7® 122-3, 
or on oxidation of iodide. 

Trickett??*, in 1920, compared various methods and found that, using perman- 
ganate, direct titration gave low results, while both back titration of excess perman- 
ganate with oxalic acid and measurement of the evolved gaseous oxygen proved 
erratic. He found concordance between results obtained by methods based on 
oxidation of potassium iodide in hydrochloric acid solution, and the volume of oxy- 
gen evolved by reaction with calcium hypochlorite. Toul and Krasnec!?° found that a 
gasometric technique for evolved oxygen gave results lower than titration methods. 

Subsequently, comparison of various well-known methods by Reichert, McNeight 
and Rudel*”° indicated that, in the absence of other oxidizing and reducing substances, 
titration with either permanganate, ceric sulphate or iodide were all dependable; 
these authors also found a potentiometric titration with sodium nitrite satisfactory 
for coloured solutions. 
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Errors due to permanganate oxidizing other components in detergent mixtures were 
stated by Milster and Meckel+?” to be minimized by addition of a mixture of phos- 
phoric acid, sulphuric acid and manganese sulphate. 

A recent British Standard? for the analysis of sodium perborate (and similar 
compounds) in detergents recommends two methods. One involves contacting the 
sample with manganous sulphate in dilute sulphuric acid prior to titration with 
potassium permanganate. In the other, the sample is acidified with warm, dilute 
sulphuric acid, ammonium molybdate and excess potassium iodide are added, and 
the liberated iodine is titrated against sodium thiosulphate, starch being used as 
indicator. The latter method is preferred when substances such as chelating agents 
are present, because these react with permanganate. 

Ketova and Gusev!?® described a new procedure for various inorganic peroxidic 
compounds in which the perborate is reduced with ferrous ions in acid solution, the 
resulting Fe*?* is reduced by the leuco-base of methylene blue, and the methylene 
blue titrated with vanadium dichloride. Pilz and Johann?!?° stated that the only 
method suitable in the presence of enzymes is reaction with titanium tetrachloride 
and colorimetric measurement of the peroxytitanate complex at 415 u. 

A colorimetric method involving reaction with dichromate and measurement of 
the absorption at 590 my. is described by Garcia and Garrido.!*° Titration with 
hypovanadous salts is mentioned by Mittal, Tandon and Mehrotra.**+ 

The borate content may be determined (after removing any organic matter, de- 
composing peroxy-compounds, and separating interfering ions such as phosphate 
and silicate) by titration of boric acid in the presence of glycerol or mannitol.%9 

Anomalous results are obtained for the water content of perborates when using 
Karl Fischer’s method.?*? 


USES OF SODIUM AND OTHER PERBORATES 


Of the 300,000 to 400,000 tons of sodium perborate annually consumed in Europe, 
by far the greatest amount is accounted for by its use'%*-® as a bleach and stain 
remover, usually in detergent compositions for domestic laundering, which contain 
10-30°% of perborate. Considerable amounts are also used by the textile industry 
for similar purposes with a wide range of natural and synthetic fibres.1°°-1*° 

Other substantial uses include: the oxidation and fixing of vat and sulphur dyes, 
where the borate also plays a part in securing bright colours’*'; denture cleansers, 
where the bubbles of oxygen evolved help to remove debris !*2-*; cosmetics prepara- 
tions, which require mild bleaching or deodorizing action'**~°; and cold permanent- 
waving preparations and other fibre setting materials, in which the perborate serves 
to oxidize ammonium thioglycollate.1*®® In electroplating and metal finishing?*® 
sodium perborate is added to tin plating baths to oxidize sodium stannite, to nickel 
baths to prevent pitting 1°°, in zinc plating to improve the whiteness of the deposits ?°?, 
and in polishing baths.°? In pharmacy, use has also been made of its mild disinfect- 
ing properties.1°*-> ‘Effervescent perborates’ are used for causing tablets to dis- 
integrate on contact with water. 

Uses in organic synthesis are apparently not widespread, but perborate may be 
used for making organic peracids; its use in improving the refining of maleic acid 
has been suggested.1°° 

Sodium perborate has been described as a polymerization agent for monomers 
such as styrene, butadiene, methyl methacrylate, acrylonitrile and ethylene.'°’° 
It also acts as a stabilizer for PVC.1®°-* Other suggested uses include: antichlor for 
removing hypochlorite?®> (with which it reacts quantitatively°’), the preparation 
of chlorine dioxide 1°?’ 1°°, the preparation of an iron catalyst for the hydrogenation 
of carbon monoxide!®’, the regeneration of emulsions of oil and of paints*®*°, 
in the manufacture of paper!’°"1, the improvement of lead—acid batteries by modi- 
fying the lattice of lead oxide+’?, in sand moulds'’® and for the latensification of 
photographic emulsions.17* 

Calcium perborate, in particular, was found to have an unusually strong effect 
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in driers for lithographic ink.*’® Lithium perborate was claimed to give, on firing, 
a ceramic bond which prevented water absorption by the coatings on welding 


electrodes.+7® 
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SECTION Al5 


AMMONIUM BORATES 


BY G. H. BOWDEN 


GENERAL 


Many ammonium borates quoted in Mellor, V, 80-1, have not been synthesized 
since and should be viewed with some suspicion. They include the following: 


(NH4)20,2B203,23H2O0 
2(NH,)20,B203,2H2O0 
3(NH,)20,4B203,3H2O 
3(NH,)20,4B203,9H2O 
2(NH,)20,5B203,5H2O 
(NH,)20,3B203,7H2O 
(NH4)20,6B203,9H20 


A material of composition NH,HB,O7,3H2O has been distributed widely through | 
laboratory supply houses and reference has been made to it in publications.*2’ °* No 
true compound of this ammonium hydrogen tetraborate composition exists, and 
the material is in reality a mixture of ammonium tetraborate and pentaborate.*® 

There remain three synthetic borates and two minerals which have been synthe- 
sized and which are well corroborated. These are listed below. 


Minerals 
(NH,)20,5B203,54H20 Ammonioborite 
(NH,)20,5B203,4H2O \ 
(NH,)20,4B,03,4H,O Larderellite 
Synthetic | 


(NH,)20,2B203,4H2O0 
(NH,)20,4B203,6H2O 
(NH,)20,5B203,8H2O (2 dimorphs) 


Heller’s paper?® quotes the formation of three other ammonium borates includ- 
ing the only recorded anhydrous example, [(NH,)20,3B203],. The hydrates are 
the 1:4:5 and 1:3:4 ammonium borates as well as the known 1:5:4 (larderellite). 
The synthesis of these borates was performed by the careful hydrolysis of borate 
esters with a little water in an organic solvent in the presence of ammonia. The type 
of product depended on the proportions of the reactants. The author also suggests 
structures for the various borates.?° 

The work on the system NH3;—B2,03—H2O by Sborgi in the early 1920s, and be- 
fore, remained unchallenged, except for some solubility data obtained by Men- 
zel!-? until 1966, when Toledano et al. studied the system afresh. The 1924 edition 
of Mellor, V, 80 (1st line), contains a typographical error which can be confusing 
in relation to Sborgi’s work. A formula of (NH,4)20,B203,24H2O given as the solid 
phase of area bMc (Fig. 22) should read (NH,)20,2B203,24H20; no metaborate 
formation has yet been proved. It is also of interest in this context that no corrobora- 
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tion exists for the latter ‘hemipentahydrate’. Its formulation by Sborgi has been 
explained by the analytical difficulty of differentiating between a compound of this 
formula and a compound in which the 1:2:4 ammonium borate hydrate has had 
part of its water of crystallization replaced by ammonia approximating to (NH,).20,- 
2B203,3H20,NH3. A compound of this latter composition was approached by 
treating the 1:2:4 borate, as a dry solid or aqueous slurry, with ammonia gas.? 
The products of these experiments were even treated with liquid ammonia, but 
X-ray analysis showed no change from the 1:2:4 pattern of the resultant products; 
there was only a slight increase in ammonia content, and certainly no metaborate 
formation. In conjunction with this work on attempted metaborate synthesis, a 
study of 1:1 NH3/H3BOz3 solutions up to 0-1 M showed that they behaved almost 
ideally, nearly complete hydrolysis taking place, but that at higher concentration 
boric acid started to form B,O; ions, so that at no point could the solution be con- 
sidered to contain ammonium 1:1 borate in the sense that it contained ammonium 
and monoborate ions in equivalent amounts.? Further work concerning the deter- 
mination of cryoscopic and conductimetric data for solutions of 1:2 and 1:5 am- 
monium borates also showed extensive hydrolysis to NH,OH and H3BO3.+ 

The recent studies of the NH3—B203—H2O system by Toledano® have shown a con- 
siderable enlargement of the area of stability at temperatures between 0° and 56° 
for the 1:4:6 ammonium borate hydrate compared with Sborgi’s work. Reticular 
distances are tabled for the 1:4:6 and 1:2:4 borates. 

Further work at 80° or 100° showed equilibrium between the 1:5:8 ammonium 
borate hydrate and its equilibrium solution to be metastable, the solid phase being 
‘ammonioborite’ [(NH,)20,5B203,54H2O] which precipitates after several hours’ 
agitation at 100°.° Identification of the compound by X-ray diffraction patterns 
showed it to be identical with the mineral ammonioborite (q.v.). The ammonio- 
borite curve was shown to be congruent to 10°C and to extend towards the ice 
curve. At 30°C or below the determination of equilibrium becomes difficult owing 
to the crystallization of a stable (at room temperature) dimorph of the 1:5:8 borate, 
the solubility branch of which lies between those of the metastable 1:5:8 borate and 
ammonioborite.® 

Extensions of the system to include other salts have been studied. For instance, 
the solubility peak of the NazO—B203;—H2O system was widened by the addition of 
ammonia; the B2QO3 solubility in the Kz,0—B203—H2O system increased but the alkali 
solubility decreased, and further solubility relationships in the system (NH,)20- 
Na,O-K,0-B,0;—H20O have been studied, especially in relation to pH.’ Another 
relationship, when studying the effects of adding various H3BO3: KCI mixtures to 
ammonia solution, showed that ammonium borate somewhat contaminated with 
potassium chloride precipitated when the ratio was 2: 1.8 Because of complex borate 
formation, boric acid added to an ammonia solution retards the evaporation of 
ammonia; however, this is partially nullified by the addition of polyhydroxy-com- 
pounds such as sucrose, mannitol, etc.° 

The syntheses of B-N compounds in general from boric acid have been dis- 
cussed *° and a recent survey of the synthetic procedures for B-N compound forma- 
tion with a comprehensive listing of compounds and physical properties is useful.++ 
As well as the latter references on synthesis, further work on the behaviour of am- 
monia and volatile amines on boric acid may be referred to.17 Ammonium borates 
in general react in excellent yield with C.-C, alcohols to give B(OR)s3 esters, am- 
monia and water, which is azeotroped with alcohols or other entrainers.1* The 
polarizability and bond energy of B-N compounds have been determined.1* The Raman 
spectra of ammonium borates, compared with alkyl borates, show a characteristic 
frequency in both, probably explained by the similarity of the BO3~ ion group and 
B(OR)3.7° 

Calcium borate ores react with carbo-ammoniacal liquors to give ammonium 
borate solutions, which in turn may be treated with greater than 50% of the stoi- 
chiometric quantity of soda under distillation conditions, when virtually all the 
ammonia is lost, giving a starting solution for sodium borate production.°®* 


Refs, p. 691 


Ammonium Borates 687 
(NH,)20,2B203,4H.O 


The 1:2:4 borate exists congruently with its own solution in the (NH,).0-B,03-— 
H.O system, a fact confirmed but modified by recent studies.5-® Reticular distances 
for this compound as well as the 1:4:6 borate for the 0°, 10°, 20°, 30° and 56°C 
isotherms have been tabulated.®° The formation of this compound from boric acid 
and ammonia in aqueous solution is described? and a noticeable ammonia tension 
observed. Synthesis of this borate out of contact with water has also been shown 
possible, powdered boric acid being reacted with ammonia in the dry state, with a 
B/NHz ratio of 4-5. However, if this ratio is increased to 25:0, the pentaborate 
(NH,)20,5B203,8H20 forms.?® The same reactions take place in methyl cyanide at 
room temperature, the tetraborate being formed if the solution is saturated with 
ammonia.”° 

A ternary system (NH,)O,2B20;—-Na20,2B203—H20 was studied from the cryo- 
hydric point to 65°C, but at temperatures above 40°C the study was difficult owing to 
loss of ammonia.®° The 1:2 borate is of theoretical interest when it reacts with sodium 
sulphate: 

(NH,4)20,2B203 + NazgSO, = Na20,2B.03 + (NH,4)2SO, 
This is the only known case where the theory of reciprocal pairs may be applied 
completely to a double decomposition. During this study, polythermic diagrams 
were composed, invariants of the system fixed thermometrically, and zones in which 
there are stable two-salt pairs defined.*+ 

As already mentioned, treatment of the 1:2:4 borate with liquid ammonia or 
ammonia under pressure gives a product which approaches (NH,)20,2B20Os3,- 
3H.20O,NH37°°%; this probably accounts for some peculiar ammonium borate formu- 
lations. The 1:2:4 borate also reacts with various metallic salts to give double 
salts which are referred to in detail under the sections relating to the parent metal 
borate. As an example, it reacts with boric acid and zinc sulphate in aqueous solu- 
tion, crystallizing over a period of 1—4 days at 40°C to give a product of the formula 
(NH,)20,Zn0,6B.03,10H2O having a density of 1-9 gcm~ ?.3? Unpublished work 
has shown that the 1:5:8 and 1:2:4 borates when mixed dry result in formation of 
a cake of the 1:4:6 borate with the release of two molecules of water of crystalliza- 
tion. 

(NH,)20,2B203,4H2O + 2[(NH,)20,5B203,8H2O0] 
= 3[(NH,z)20,4B203,6H2O]+ 2H.O (Ref. 33) 


The borate has a density of 1:58 g cm~?. It is not completely stable at atmospheric 
pressures and normal temperatures, smelling somewhat of ammonia. 0-1-10% 
solutions show little variation of pH, which remains at about 8:8. The 11B NMR 
chemical shift value for (NH,)20,2B203,4H2O has been determined and found to 
be —10-3, cf. borax, —8-9.°° It is suggested that the structure of the compound 
belongs to the class of insular borates containing independent double-ring polyions 
and empirically described as (NH,)2B,0;(OH),,2H2O, (v. borax).?® 


(NH,)20,4B203,6H,O 

Little is known of this compound, although it is a solid phase of the (NH,)20- 
B,0;—H20O system. Recent workers® have shown its area of existence to be larger 
than Sborgi’s original work (Mellor, V) indicated. It crystallizes from a solution of 
ammonia and boric acid with a N/B ratio somewhat greater than 4.* The structural 
formula of the 1:4:6 borate has been studied** and can be represented as (NH4)e2- 
B,0:.(OH)6,3H2O, belonging to the class of insular borates containing mixed 
polyions.®® 


(NH.)20,5B203,4H20 [(NH.)20,4B.203,4H2O] (Larderellite) 


The formula in brackets above is the formula given to larderellite by its discoverers, 
Bechi and Rose (Mellor, V). This has now been shown to be incorrect, and (NH,)20,- 
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5B.03,4H2O proved correct. The matter is further confused in that it was once re- 
ported to be a dimorph (together with ammonioborite) of the 1:5:8 borate.*® 
Synthesis of this mineral had not been performed until the 1960s and then only via 
an organic solvent phase. Careful hydrolysis of borate esters dissolved in an or- 
ganic solvent in the presence of a little water and ammonia gave a number of am- 
monium borates (q.v.) depending on the proportions of the reactants, one of which 
was synthetic larderellite.2° In the same year other workers produced the same com- 
pound by passing 1 mol of ammonia gas into a saturated boiling solution containing 
5 mol of boric acid in acetonitrile or dioxane and then diluting with ether.?° If no 
dilution occurred the 1:5:8 borate was formed. 

Several X-ray crystallographic studies have been made of larderellite. Marinelli>* 
found it to be monoclinic, with space-group P2,/c:, a=9-47, b=7-63, c=11:65A 
(all +0-01 A), d (calc.) 1-95 and Z=2[(NH,4)2B100i¢,5H2O]. Clark *® confirmed the 
cell and space-group but changed the orientation: a= 11-63, b=7-61 and c=9-44A 
(+0-03 A), with determined density of 1-905. Later work 4” exactly confirmed Marin- 
elli’s lattice parameters and suggested that the unit cell contained four stoichiometric 
units, NH,B;03,2H2O. 

Previous examination suggested a double-ring chain borate of basic structure 
NH?i[B;0,¢(OH),]~.*° Later work on the B-phase crystal confirms this double-ring 
polyion, assigning it as monoclinic, space-group C2/c, with lattice constants a= 
11-65, b=8-66 and c=11-40 A, with d (expt.) = 1-59.49 (See also ©°.) 


(NH.)20,5B203,54H2O (Ammonioborite) 


This mineral is distinct from larderellite but has in the past been claimed to be a 
dimorph of it®° and also of the synthetic 1:5:8 borate.*® Somewhat surprisingly it 
has recently been produced synthetically, having been found as stable phase in the 
(NH,)20-B203—H20 system, congruous with its solution from 100° to 10°C. For 
instance, ammonioborite is precipitated after stirring a saturated solution of the 
1:5:8 borate at 100°C for several hours.® There is a little confusion concerning the 
structure. It is postulated that the compound has the pentaborate ion structure also 
found in ammonium and potassium 1:5:8 borates, i.e. [B;0g(OH),].** Alternatively, 
as with larderellite, a chain structure containing double rings giving the ion 
[B;07(OH).2] has been suggested.°° From X-ray single-crystal analysis the most 
probable space-group is C2/c, with a= 25-27 +0-5, b=9-651+0-3, c=11-56+0-03 A, 
d (calc.) 1-758, d (observed) 1-765 + 0-004.®° 


(NH,)20,5B203,8H.2O (Ammonium Pentaborate) 


More work has been done on this compound than on any of the other ammonium 
borates, probably because it is easily prepared and stable. For some time the evidence 
pointed towards a stable equilibrium between the octahydrate and its solution. 
However, a series of solubility studies on the (NH,)20—B203—H2O system, allow- 
ing long periods of time for equilibrium to be established, showed it to be meta- 
stable® (see ammonioborite). In addition, the same workers showed that at 30°C 
and below, the ammonioborite and the metastable 1:5:8 borate curves were bisec- 
ted by a curve representing a dimorph of the 1:5:8 borate, making the determination 
of equilibrium difficult. This new dimorph, or 8-form, has more recently been formed 
by stirring a saturated solution of the metastable 1:5:8 borate (a«-form) for 10 days 
at room temperature.°? The long periods that are needed in this system for reaching 
equilibrium are characteristic of many borate systems, accounting for some con- 
fusion in solid phase definition in the past and for statements such as: ‘Solubility 
studies had been carried out on the above system (NH,)20-B203-H2O showing 
no breaks in the curve, indicating no further hydrate formation between 0° and 
40°63 

Powdered boric acid reacts with ammonia at room temperature, if the B: NH3 
ratio is greater than 5:1, to give the pentaborate.?® It also reacts in this way if it is 
suspended in methyl cyanide and treated (but not saturated) with ammonia gas. 
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Boric acid in a powdered form reacts with formamide, without free ammonia, to 
give the pentaborate and formic acid.°® It may also be prepared by reacting borax 
with ammonium chloride.®°* The two compounds are heated together in aqueous 
solution until the liberated ammonia is removed. Crystals of ammonium pentaborate 
octahydrate are then obtained after concentrating the residual solution. Other 
methods of pentaborate formation are known; for instance, calcined calcium borate 
ores such as colemanite react with ammonium sulphate at 95°-105°C, producing 
calcium sulphate and ammonia as by-products. The calcium sulphate and gangue 
are removed by filtration, leaving a solution of ammonium pentaborate which may 
be either crystallized or reacted with ammonium bisulphate to give boric acid and 
ammonium sulphate, which may be re-cycled.°* 

(NH,)20,5B203,8H2O dehydrates at 150°C, losing all but 2 mol of water and less 
than 1% of ammonia. At 200°C and 1 mm pressure a further 0-85 mol of water is 
lost and about 2% of the ammonium radical.®° If heated at a sufficiently high tem- 
perature all the ammonia and water are expelled to give boric oxide.°® 

The pentaborate produces esters B(OR)3 (R= Et, Pr, i-Pr, Bu, Am) in good yield 
by reaction with the appropriate alcohol, the water being azeotroped with excess 
alcohol or an entrainer.?* It also reacts with various salts to produce less soluble 
borates, e.g. with strontium nitrate or iodate, forming the strontium isomorph of 
colemanite, 2SrO,3B203,5H.O, as well as the 1:1:4 and 1:3:5 strontium borates.®”’ 

It has been confirmed that ammonium pentaborate octahydrate forms ortho- 
rhombohedric crystals, according to goniometric and optical observations.°® It has 
a density of 1-567 g cm~ °.*2 The elementary cell consists of four molecules, and the 
crystal parameters are given as a= 11-09, b=11-28, c=9-27 A®°, which are only in 
slight variance with the original work by Rammelsberg (ref. Mellor, V). The am- 
monium salt, as with its isomorphous potassium analogue, contains the pentaborate 
ion [Bs;0g(OH),]~ according to X-ray data.®° More recently an N.M.R. single- 
crystal study has been carried out, assigning the formula NH,(B;0;.H,),2H2O.* 
A study of the crystal structure of the B-phase of the pentaborate has been made.*° 
A review of work up to 1957 of the crystallographic, elastic and piezoelectric proper- 
ties of the pentaborate discusses the various conflicting data.®? Some five years later 
the compound was restudied, and the dielectric constant was shown to be tempera- 
ture-dependent. It was determined in three planes perpendicular to the crystal axes 
between — 200° and 150°C. The same workers also investigated anew the modulus 
of elasticity and the electromechanical coupling coefficient, and derived the piezo- 
electric modulus. They found that the piezoelectric property was lost irreversibly 
by partial dehydration, i.e. the loss of two of the molecules of water of crystalliza- 
tion.°® Other physical properties studied were the compression characteristics up 
to 40,000 kg cm~? °° and the heat capacity at 15°-370° K. However, the results at 
the higher temperatures were thought to be affected by dehydration. Various solu- 
tion properties of the 1:5:8 ammonium borate have been studied. Supersaturated 
solutions are easily formed, and as a corollary the rate of crystallization is propor- 
tional to the extent of supersaturation.°* The solubility is 70-3 g of anhydrous penta- 
borate per 1000 g of water at 18°C, and 87:2 g/1000 g at 20°C.” With the recent 
studies of the NH3—B203—H2O system showing that it is not as Sborgi originally 
believed, the solubility data published prior to 1966 must be considered as having 
been obtained under conditions of metastable equilibrium.° The pH of pentaborate 
solutions decreases slightly with increasing concentration, e.g. 0-1%, pH 8-48; 
10:0%, pH 7:32. The electrical conductivity and pH have been studied at 20°- 
40°C.5* Ammonium pentaborate with dimethyl formamide (DMF) replacing some 
of the water of crystallization, (NH4)20,5B203,4H20,2DMF, is formed by intro- 
ducing ammonia gas into a boiling solution of metaboric acid in dimethylforma- 
mide.?° 


Mixed Borates containing the Ammonium Radical 


Ammonium metal borates of a number of elements have been produced in an 
analogous fashion to the corresponding potassium salts, simply by crystallizing 
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the amorphous precipitate formed by reacting in solution a metal salt, ammonia 
and boric acid.®°? Further details of each salt so formed are found under the section 
dealing with the metal borate involved. However, a short list of the well-substan- 
tiated compounds may be of value here. 


Magnesium (NH,)20,Mg0,3B203,15H20 (Ref. 70) 
(NH,)20,Mg0,3B203,7H2O 

Calcium (NH,4)20,Ca0,4B203,12H20 (Ref. 69) 

Zinc (NH,)20,Zn0,6B.03, 10H2O (Ref. 71) 

Manganese (NH,)20,MnO,6B203,11H2O (Ref. 69) 
3(NH.)20,2MnO,B203,4C,H.O; (Tartrate) (Ref. 72) 

Cobalt (NH,)20,CoO,6B203,11H2O (Ref. 73) 

Nickel [Ni(NH,)s]BsO10,2(NH,)2B,O7,12H,0 (Ref. 74) 
[Ni(NH3)4]B,07,(N H,)2B4,07,12H2O (Ref. 75) 


In addition to these compounds the system boric acid—ammonium metavanadate— 
water has been studied recently at various temperatures.’° An ammonium borate 
containing a mucate anion has also been formed by mixing solutions of boric and 
mucic acids and treating the product with ammonia. The addition of alcohol causes 
the precipitation of 3(NH,)20,B203,2CgHsO7,3H20 which has a solubility of 
49-4g¢1-1.77 Analogous ammonium bis(ascorbato) borates 3(NH4)20,B2Qs,- 
4C,Hg0.¢,6H20O have been produced from alcoholic solutions of boric acid and 
L-ascorbic acid in molar ratio 1:2 by precipitation with ammonium hydroxide.*? 


Ammonium Perborates and other Peroxy-Salts 


Ammonia apparently forms a true perborate analogous to potassium perborate.?” 
It liberates iodine alone from a potassium iodide solution (Reissenfeld test) and Bae 
be represented as NH,BO3,4H.O. 

The structure of perborates appears to be open to much conjecture; further dig- 
cussion of the designation of perborates and peroxidated borates will be found in 
the section on perborates (q.v.). The formation of the above-mentioned perborate 
has been carried out by the reaction of 25 g of 15°% ammonia solution on 250 cm? 
of 3°%% hydrogen peroxide containing 12:4 g of boric acid, and precipitating the 
product with 500 cm® of alcohol.?” In the presence of non-acid desiccants the com- 
pound is stable; however, on drying at 50°-55°C ammonia and half of the water 
are lost. Further heating in vacuum above 115°C causes explosive decomposition.?” 

The peroxy anhydride can be formed by controlled dehydration and is formulated 
as (NH,)20,B203,027° having a distinct Debye-Scherrer pattern similar to that of 
the original hemi-hydrate. The following structural explanation of the dehydration 
was postulated’, although current views do not support it (see Perborates). 


yeoman a oe 7 
2(NH,)* + O =. HsOve O + 2(NH,)+ 
O=—B—OOH O=—B—O 


The production of an anhydrous perborate, (NH,)3BOs3, by the treatment of equi- 
molar quantities of hydrogen peroxide and boric acid with excess of ammonia is 
described in a patent.°° A much higher proportion of peroxide can be used, and the 
solution crystallized at 5°-10°C to obtain the diperoxyhydrate NH,BO2,2H2O2.°!~ 


Uses of Ammonium Borates 


Ammonium borates have found application in a variety of fields. A major and 
well-established use is as an electrolyte constituent for electrolytic condensers.® 
The anodizing of aluminium, tantalum, titanium and zirconium foil in an ammonium 
1:2 borate solution with the formation of an oxide film is a technique which has 
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been patented for the reduction of leak characteristics of capacitors.°7 Another 
patent claims unproved low-temperature characteristics for capacitors by curing the 
foils in boric acid/ammonium 1:2 borate solutions at 520 V.°8 

An anodic double-layer oxide film may be formed on metallic titanium from 
non-aqueous solutions of ammonium borate in mono- or polyhydric alcohols or 
polyhydric ethers.*” A recent patent suggests mixed solutions containing ammonium 
borates, acetates, citrates or tartrates of maximum electrical conductivity rather 
than the simple salt.1®° A suitable layer on titanium is not obtained if the electro- 
lytic solution has an aqueous base.'® Zirconium may also be anodized in the presence 
of ammonium borate, but the use of boric acid as an electrolyte is preferable as it 
imparts the property of halting oxidation by high-pressure steam.?° 

The buffering nature of ammonium borate solution is probably its function in 
the addition to alkylarenesulphonates to stabilize their colour.?° Its use in 0:01 N 
solution at pH 9-0 was found to be the best eluent for the removal of tetracycline 
and oxytetracycline antibiotics from cation-exchange resins.?! 

Borates are used as preservatives and fungicides which accounts for the screening 
of ammonium borates in the control of cork spot in d’Anyon pears, a trial that was 
_ unsuccessful.?? It is also used as a rubber latex preservative.?* Two further uses of 
ammonium borates are based on the fact that heat decomposes them to boric oxide 
with the evolution of ammonia and that, in addition, they tend to absorb carbon 
dioxide at high temperatures. In the first case a spray of ammonium borate on to 
glass with subsequent heat treatment provides a source of boric oxide which makes 
the glass resistant to alkali-metal vapour.?* Secondly, hard pellets of fine moist iron 
suitable for use in blast furnaces may be made by mixing with small percentages of 
calcium or magnesium oxides or hydroxides together with ammonium borate or 
borax, added to solubilize carbon dioxide which has the property of hardening the 
pellets.2° Another suggested metallurgical use is in the control of ‘hot ground’ 
in copper-ore deposits.°* Ammonium borates were found to be the best inhibitors 
for spontaneous combustion of sulphide-rich ores.** 

A water-soluble dry casein mixture suitable for texture paints and cements is 
prepared by dry blending casein with an ammonium salt, the ammonium 1:2 
borate being preferred.°° Both the 1:2 and 1:5 ammonium borates give stability 
to liquid laundry starch.*° The 1:2:4 ammonium borate hydrate has been used in 
admixture with magnesium carbonate, magnesium fluoride and titanium oxide 
after heating at 450°C to produce a material with blue-white fluorescence.*! It has 
also been tried as a corrosion inhibitor for ammonium nitrate solutions, but is less 
successful than alkali-metal borates*?; ‘NH,HB,O7,3H2O’, mentioned in this 
patent is in reality a mixture of the tetra- and penta-borates. It also has fire-proofing 
properties °* and is used in paper-coating compositions.°* It has been patented as a 
constituent of a soldering flux®® and acts with citric acid as a binder in magnesia 
refractory hearths.°” The pentaborate is also a convenient co-constituent of a glass 
composition which has an ultra-violet transmittance of 89-3°% that of fused silica, 
but a fusion temperature of only 1250°C.°® ‘Ammonium perborate’—(NH,BOg,- 
2H2Oz) is described as a bleach for laundering.®!~? 
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SECTION Al6 


SUBSTITUTED AMMONIUM BORATES AND 
RELATED COMPOUNDS 


BY G. H. BOWDEN 


The class of compounds listed under this heading is essentially that described by 
the general ammonium borate formula: 
[NH4]20,xB203,yH.20, 


but with the hydrogen atoms of the ammonium radical replaced partially or com- 
pletely by like or differing organic or —NHg groups: 


e.g. [(CH3)4 -»NHnJ20,5B203,xH20 (i= O152-3) 
[(CH3)4 -n(C2Hs)nN]20,5B203,xH2O (n = 0,1,2,3,4) 
CH.—CHe. H 
a 
CH. N O,5B203,5H2O 
ae Vaud & 
CH.—CH. ie 


(piperidinium pentaborate) 
[((NH2)2 =C= NH2]20,2B203,4H20 


(guanidinium diborate) 


CH2—CH—CHz—N 
H.C CHa | 0,5B20s,4H20 


(allyldimethylanilinium pentaborate) 


Alkanolamine borates (which are in fact esters of boric acid), hydrazine borate and 
boranilide are also included in this review. 


1. Amine Borates 


Most of the work on amine borates has been carried out since about 1940, the 
first serious study having been made by Ferrari et al.1 on the preparation of the 
series [(CH3)4-n(C2Hs),zN]20,5B203,xH2O0, where n=0, 1, 2, 3 or 4 and x=4 or 5, 
by the addition of aqueous solutions of boric acid to the appropriate bases. These 
authors were unable to prepare tetra-alkyl ammonium diborates, such as those des- 
cribed by Milbauer? in 1913, inferring that they were probably too soluble to be 
isolated. By far the largest number of amine borates are of the 1:5 type, though 
borates of the 1:1, 1:2, 1:3, 1:4 and 1:6 types have been reported. 
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1:1 Borates 
Choline or trimethylamine glycol reacts with 1-3 moles of boric acid and after 
concentrating the mixture under reduced pressure, choline borate 


[((CH20H.CH2)N(CHs)s3]20,B203,2H20 


is formed; after dissolution of the reaction mixture in alcohol the salt is precipi- 
tated with acetone or other organic solvent in which it is insoluble.* Alternatively, 
the original reaction may be performed in alcoholic solution and the product pre- 
cipitated with acetone, etc. It is a white, microcrystalline material which melts above 
300°C, and is alkaline in solution. This compound appears to be the only well 
substantiated metaborate, although reactions between boric acid and pyridine; 
2-picoline, 3-picoline, 4-picoline, 2,3-lutidine, 2,4-lutidine, 2,6-lutidine, 2,4,6-colli- 
dene, quinoline, isoquinoline, piperidine and pyridine-cyanuric acid, respectively, 
produce compounds approximating to derivatives of metaboric acid. X-Ray analyses 
of these compounds gave data which suggested a layered structure of alternate 
sheets of HBO. (metaboric acid) and the base; the densities and lattice constants 
were determined for these compounds.* Other compounds which have the struc- 
ture [B(OR)e2]e,en, where en=ethylene diamine, can be considered here, as the 
B:N ratio is 1:1. Three of these complexes, 


[B(O Me)s3]2,en m.p. 80°C 
[((OEt)(OMe).B]2,en 
[((OPr‘)(O Me)2B]s,en, 


have been produced by reaction of trimethyl borate, triethyl borate or tri-isopropyl 
borate with ethylene diamine in methyl alcohol. It is interesting to note that the 
investigators were unsuccessful in producing the simple complexes of ethylene dia- 
mine with triethyl borate or tri-isopropyl borate, a fact ascribed by them to the 
electron-repelling effect of the alkyl groups.° These reactions are exothermic. 


1:2-Borates 


Guanidine derivatives of boric acid fall into the amine borate classification, 1:2- 
and 1:5-borates having been synthesized. The 1 :2-borate is formed from guanidinium 
carbonate and boric acid (theoretical quantities) in a minimum of water at 90°C; 
after evolution of carbon dioxide and further dilution, white crystals of 
[(NH2)2= C = NH2]20,2B203,4H2O crystallize.® It is also suggested that this com- 
pound may be produced from guanidine chloride and borax.” 

Apart from Milbauer’s unconfirmed early work resulting in the production of a 
tetra-alkylamine ammonium biborate?, the only other 1:2-amine borate prepared 
and described as such is cyclohexylamine biborate, [CsHi:;NH3]20,2B203,H2O. 
This may be made in the usual manner by reacting boric acid with an excess of cyclo- 
hexylamine in an organic diluent at 60°C according to the following equation®: 


2CeHi1NH2+4H3sBO3 —> (CgHi1NH3)20,2B203,H20 + 4H20. 


Water produced in the reaction is a disadvantage in industrial production, as it 
increases in amount during re-cycling of liquors and causes hydrolysis. This build- 
up may be avoided by the use of metaboric acid or, more economically, equimolar 
amounts of boric acid and boric oxide.? Three moles of cyclohexylamine are gently 
refluxed for 2 hr with one mole each of boric acid and boric oxide; the liquid is 
cooled and then heated to 70°C in vacuo to give the desired product in almost quan- 
titative yield. 

Cyclohexylamine biborate is a white crystalline material about 29%% soluble in 
water at 30°C, with hydrolysis, and 5°% soluble in ethanol. It starts to decompose 
when heated above 120°C, losing both amine and water and leaving a residue of 
boric oxide. It also decomposes extremely slowly at 80°C, and even at room tempera- 
tures it loses some amine. Reaction of the amine with carbon dioxide from the air 
is a driving force and advantage may be taken of this phenomenon, cyclohexylamine 
biborate being used as an alternative to the carbonate as a vapour phase corrosion 
inhibitor. A 10°% ‘solution’ in water has a pH of 9-6 at 25°C.?° 
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1:3-Borates 


The only reference to N-substituted ammonium triborates suggested that the 
major factors governing the formation of a triborate or pentaborate are the steric 
requirements of the amine and the molar ratio of the reactants. The structure of 
these compounds has been discussed.?° 


1:4-Borates 


Dodecylamine and octadecylene-amine are reported to form 1:4-borates when 
treated at 90-100°C with boric acid in aqueous solution, with vigorous agitation.® 
Their respective formulae have been given as: 


[Cy2H25NH3]20,4B203,9H2O 
[CisHssNH3]20,4B203,6H2O 


They were evaluated as preservatives in the citrus industry.° By standard methods 
of preparation, as described for cyclohexylamine-1:2-borates, but altering the pro- 
portions of the reactants, the cyclohexylamine-1 :4-borate is formed, 


(CgHi1NHs3)20,4B203,7H20. 


It has similar properties to the 1:2-borate but is more stable and can be recrystallized 
from water. A 10% solution has a pH of 8:1.?° 


1:5-Borates 


Amine pentaborates are the most stable and well investigated of this group of 
compounds. The following compounds were produced! by precipitation from a 
boiling aqueous mixture of boric acid and the appropriate alkylammonium base: 


[((CH3)4N]20,5B203,nH20 
[(CH3)3(C2Hs)N]20,5B203,nH2O 
[(CH3)2(C2Hs)2N]20,5B203,nH2O n=4or5 
[((CH3)(C2Hs5)3N]20,5B203,nH20 
[((C2Hs5)4N]20,5B203,nH2O 


The authors? state that they were unable to decide whether n was 4 or 5; in later 
work ® it was found on analysis that the hydration of the first and last of the above 
compounds was closer to n=5. On the basis of elemental analysis of the tetra- 
methyl and -ethyl amine borates, formed by mildly heating the tetra-methyl or 
-ethyl ammonium hydroxide with ammonium pentaborate in aqueous solution, 
in vacuo, n was indicated to be much nearer to four.2° These borates displayed 
unique properties when used as constituents in the electrolyte system of electrolytic 
capacitors./? They are usable in a variety of organic solvents, which is an advantage 
over the unsubstituted ammonium borates. In addition to the tetra-methyl and 
-ethyl compounds the patent’? describes quaternary ammonium pentaborates of 
the general formula R,;R2R3R4N,H.4BsOio, where Ri, Re, Rs, Ra are organic 
radicals and H,B;Q,o is a pentaborate ion with suggested structure 


OH at 


B—O O—B 
if ot guia ives WS. 
O B O 
» lanstbieis tse Ualebeecks 
B—O O—B 


| | 
OH OH 


In particular the tetra-allyl, allyldimethylanilinium and fluorenyltrimethyl ammon- 
ium pentaborates were described. These were formed from the respective amine 
halide by treatment with silver oxide and the subsequent reaction of the base with 
boric acid in a 1:5 molar ratio.12 Other amine pentaborates have been produced 
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and given the general formula Q,H.Bs50;0,7H20 or Q20,5B203,4H2O. It is sug- 
gested that the size and symmetry of the quaternary ammonium ion dictates the 
nature of the spaces in the crystal lattice and that the nature of spacing determines 
how many, if any, molecules of water will crystallize with the salt, or whether boric 
acid molecules will be occluded?° (see below under Hexaborates). 

Reference was made above to the possible use of amine borates in citrus fruit 
preservation.® Other borates investigated for this purpose were: 


Piperidine pentaborate pentahydrate, (C;H1)>NH2)20,5B203,5H2O; 

Hexadecylamine pentaborate pentahydrate, (C;gH33NH3)20,5B203,6H.O; 

Octadecylamine pentaborate hydrate (hydration not determined), 
(CisHs7NH3)20,5B203,xH20; 

Guanidinium pentaborate hexahydrate, [(NH2)2C = NH2]20,5B203,6H.2O; 

Cetyltrimethylammonium pentaborate pentahydrate, 
[CigsHssN(CH3)3]20,5B203,5H20. 


Guanidinium pentaborate was formed from the carbonate and the theoretical 
quantity of boric acid, in the same way as the diborate. Cetyltrimethylammonium 
pentaborate was prepared from the bromide via the base by treatment with alcoholic 
potash and then reaction with boric acid. The guanidinium borate can also be pre- 
pared from a mixture of borax and boric acid by treatment with guanidinium 
chloride.® 

Methyl- and ethyl-substituted ammonium borates prepared from boric acid and 
a 10-15%% excess of amine were shown to be difficult to recrystallize from water 
even at 50-60°C, owing to appreciable loss of the bases by volatilization.!* The 
authors postulate reasons for the fact that ammonium borate and the methyl- 
ammonium pentaborates are octahydrated, whereas the higher-substituted am- 
monium pentaborates are normally tetrahydrated, e.g.: 


(NH,)20,5B2,03,8H20 
(MeNH3)20,5B203,8H2O 
(MezNH2)20,5B203,4H2O 
(Me3NH)20,5B203,4H2O 
(EtNH;)20,5B,03,4H,O 
(EtzNH2)20,5B203,4H2O0 
(Ets NH)20,5B203,4H2O 


The decrease in hydration was explained by changes in the capacity of the cation 
to become hydrated; these changes were attributed to decrease in electrostatic 
character related to the increase in ionic diameter caused by introducing alkyl 
radicals.** Dimethylammonium pentaborate is able to complex two molecules of 
dimethyl formamide (DMEF), giving colourless crystals which have the constitution 
(Mez2NHe2)20,5B203,4H20,2DMF."* It is produced by reacting metaboric acid or 
boric acid with dimethyl formamide at temperatures up to the boiling point of the 
latter. 


1:6-Borates 


Certain amines (viz. cinnamyltriethylamine, benzyldimethylallylamine and benzyl- 
dimethyl-z-propylamine) form hexaborates which have been given the general 
formula Q,H4B50;0,H3sBO3 (Q=cinnamyltriethylammonium, benzyldimethylallyl- 
ammonium or benzyldimethyl-n-propylammonium radicals), implying a _ penta- 
borate ion with a more or less loosely bound boric acid molecule.!® This may be 
arguable, but can be represented using the oxide formulation as Q,.0,6B.03,7H2O. 
The patent claims that the resulting hexaborates can be used for the same purposes 
as certain complex amine pentaborates (q.v.1”). Apart from a hydrazine hexaborate 
(see below) the only other recorded amine hexaborate is triethylammonium hexa- 
borate, (Ets NH)20,6B.03,6H2O, prepared as a potential citrus fruit preservative, 
as were some of the previous borates mentioned.® 
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Less Well-defined Amine Borates 


By the strict definition of an amine borate used here, none of the following com- 
pounds should qualify. However, it is appropriate to deal with the following cate- 
gories of associated compounds: 


Amine—borate ester addition compounds; 

Compounds containing both —OH and —NH,j or substituted ammonium groups; 
Boranilides; 

Borate-specific ion-exchange resins and other polymers; 

Alkanolamine borates; 

Hydrazine borates. 


Borate esters form well-defined addition compounds with certain amines. Ethylene- 
diamine reacts vigorously with a boron methoxide—methanol azeotrope to form a 
crystalline compound melting at 80°C having the formula B[O(CHs3)3]o,en.°'!® Efforts 
to prepare.the corresponding ethyl and isopropyl analogues were unsuccessful. How- 
ever, the methyl/ethyl and methyl/isopropyl addition compounds were formed from 
the ethyl or isopropyl borate in methanol and ethylene diamine The standard for- 
mulae correspond to: 


i i 
(Me30)2B — a oa paces pz B(OMes)2 


H H 


As well as diamines, addition compounds are formed between single-nitrogen 
compounds, e.g. ethylamine, pyrrolidine and piperidine, and triethyl or tri-allyl 
borates. The ‘*B N.M.R. chemical shifts of these compounds are dependent on reactant 
concentrations, which indicates that exchange occurs.1® 

Boric acid reacts with polyols, such as ethylene glycol, mannitol, etc., to give a 
compound with stronger acidic properties than has boric acid itself. It is therefore 
not surprising that these compounds react easily with amines. Such a compound, in 
this case an amine/ethylene glycol/boric acid complex, has been used to catalyze 
the reaction between fatty oils and sulphur. The reaction takes place at 150°C over 
a period of 1-3 hr.'® It has also been shown that compounds highly soluble in 
aqueous and organic solvents are produced from carbohydrates such as mannitol, 
sorbitol, raffinose, rhamnose, sorbitan, dextrose or hydroxyethyl cellulose after 
reaction with boric acid and, subsequently, certain amines. The amines referred to 
in this work?° were procaine, benzocaine, sulphanilamide, metol sulphate, caffeine, 
nupercaine, pontocaine, butyn, eucupine and epinephrine. It is claimed that boric 
acid reacts with aromatic or aliphatic compounds containing —OH and —CO.H 
groups separated by no more than two carbon atoms, and that the product com- 
bines with amines to give a compound which when added to oils in fractional per- 
centages imparts improved stability characteristics and anti-corrosive properties.22 
Examples of these compounds include those formed from salicylic acid and boric 
acid with either triethanolamine or hexadecylamine.*1 The relationship between 
the —-NHz2 and —OH positions in commercially available anthraquinone base 
dyes has been determined by using absorption spectral techniques after reaction 
with boric acid. The constitutions of various boric acid complexes are suggested.?? 
The boric acid-salicyloxime—water system has been studied spectrophotometric- 
ally?° and the boric acid p-aminosalicylate reaction, which gives a 1:1 complex, 
was studied by thermal and conductivity measurements.2* 


2. Alkanolamine Borates 


Alkanolamine borates, despite their name, are strictly esters of boric acid. They 
are occasionally known as boratranes.1?:4+? They are readily prepared, as typified 
by triethanolamine borates, by the dehydration reaction: 


N(CH2CH20H)3 + H3BO3 ——— N(CH2CH20)3B + 3H.,0, 
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by simple heating?” or by heating in a variety of organic solvents.!> 2837 For 
example, boratran, or 2,2’,2”-nitriloethyl borate, is obtained in 90% yield by reflux- 
ing equimolar amounts of boric acid and triethanolamine in iso-amyl alcohol for 
14-2 hr.*? Tri-isopropanolamine borate may be prepared similarly.*”7 Both com- 
pounds are white solids, triethanolamine borate melting at 153—156°C (mixture of 
stereoisomers) and subliming at 135°C/0:19 mm; tri-isopropanolamine melts at 
235-5—238-5°C, and sublimes at 175°C/0-19 mm.?° 2° Each is soluble in water (with 
good hydrolytic resistance; see below), acetone and chloroform, but less so in ben- 
zene. They are available commercially2° 7°, and their chemistry has been well 
reviewed.°” Because of the tendency of ethanolamine salts to yellow and the con- 
sequent disadvantage of using them in the soap industry, a method of producing 
white salts by treating the amine with sulphur dioxide before the reaction with boric 
acid (or other acids) was patented.?° 

Tripropanolamine borate is less well-known but has been prepared by an interest- 
ing synthesis from ethyl acrylate ®?: 

CH2—CH.2—CO2Et 


SCHs—CH—GG,Ete4ligN Hast -> » N--CHs=-CHy—CO-Et 


3 hr (room 


temp.) 
Cl 6 ..GO.Ft 
CHALE SOHO CH.—CH.—CH.OH 
ay H3B03 pe mae ass 
NE=Ch !OHEs@hj0=-Bs< N= CHS “CH=CHZ0OH HT 


refiux in refiux 2 hr 
toluene- 


ay ore Szeqtrone CH2z.—CH2—CH20H 
Tripropanolamine borate tripropanolamine 
The compound is highly resistant to hydrolysis and has a melting point of 248°C. 
It was patented for use as a plasticizer for polyacrylonitrile and its copolymers 
with vinyl acetate, methyl acrylate, acrylamide, styrene, etc.%? 

Whilst considering the formation of these compounds it is perhaps appropriate 
to consider other amino-esters of boric acid: tris-(2-aminoethyl) borate, 
B(OCH2CH2NHsz)3 and the analogous N-methylamino and N,N-dimethylamino 
derivatives.°°: ?! These are prepared by trans-esterification of methyl borate with the 
appropriate 2-aminoethanol. Infra-red and N.M.R. studies have shown that extreme 
association of the terminal amino groups occurs in pure tris-(aminoethyl) borates. 
Heating to 160°C or dissolution in polar organic solvents breaks the associative 
bonds, which appear to be predominantly intermolecular hydrogen bonds. 

Tri-isopropanolamine borate, like the tri-propanolamine borate, has a high 
resistance to hydrolysis.2®:°% Both ethanolamine and isopropanolamine are more 
resistant than the corresponding ethyl and iso-propyl borates.?® These latter esters 
are straight-chain structures open to easy attack, whereas the alkanolamine borates 
have a ‘cage’ structure with strong evidence for transannular interaction of amine 
nitrogen and boron atoms across the eight-membered ring. It is suggested therefore 
that the boron atom is less available for coordination with water molecules and 
therefore less likely to hydrolyze, viz. 
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Although triethanolamine borate is influenced by this structure, it rapidly hydrolyzes 
at arate 4-11 x 10° times faster than the tri-isopropylamine borate (half life 618 days 
at 25°C). In addition to the two structures above, commercial tri-isopropanolamine 
borate contains two diastereomers differing in their configuration about one methyl- 
bearing carbon atom, and influencing the degree of trans-annular association and 
thus the rate of hydrolysis.2? The rate of hydrolysis of triethanolamine borate, 
although fairly rapid (half life = 130 sec), can be increased greatly by sodium tetra- 
phenylboron at pH 6 (acetic acid).?° This increase in rate of hydrolysis applied to 
other tri-z-alkanolamines which are resistant to hydrolysis. Further work on the 
structure of triethanolamine borate has been carried out by studies of heat capacities 
and various thermodynamic functions at 5-350 K.°* A study of the dielectric con- 
stants of the latter borate over the range 283-511 K showed a small change at 
474 K. The results of this work confirmed other work that indicated that the material 
is not plastically crystalline.*° The crystal structure of triethanolamine borate was 
determined recently.*? The length of the coordinate B<—N bond (structure II) was 
found to be 1-65 A, compared with the normal B—N bond length of 1-58 A. Lattice 
parameters were determined as a= 11-40+0-05, b=6-58+0-01 and c=9-71+0-02 A; 
d(exptl.) = 1-43. 

Triethanolamine borate has been suggested as an additive to various polymer 
reaction mixtures. It gives increased density of linear polyamide crystals for injec- 
tion moulding by increasing the rate of crystallization®® and acts as a curing agent 
for glycidyl polyether resins for the production of electrical insulation for german- 
ium diodes.*° Modification of triethanolamine borate by reaction with chloramine 
produces the compound: 


O 
7 
B—O—N—NH; | Cl 
O 


which has been used as an epoxy resin curing agent.*° Triethanolamine borate 
formed in situ to which various other agents are added gives a thixotropic gel with 
anti-rust, bacteriostatic and fungistatic properties for use as a stable aqueous cutting 
liquid.2” It has been previously mentioned that the tri-propanolamine borate has 
been used as a plasticizer for various acrylic polymers.?? The addition of small 
percentages of tri-isopropanolamine borate is also valuable in the field of plastics 
to make co-polymers of acrylonitrile and vinylidene chloride more easily dyeable.*! 


3. Boranilide 


Aniline reacts with boric acid in the presence of zinc chloride at 135—140°C to 
form the so-called boranilide after extraction with water or very dilute acid and 
recrystallization from alcohol.** The reaction involves the elimination of two mole- 
cules of water. 


\ 
aa a O'H i 
sigh 2 Zane | Fusion 
NH_--- + HOW—B_ - | ———> NH—B=O 
Eee: - WS) 1 ZnCl 
ye oooh \OH ! 


x oot Boranilide 


A hydrochloride (m.p. 108-110°C) and a chloroplatinate are known; it forms a 
benzoyl derivative (m.p. 166°C) by reaction with benzoyl chloride in acetic acid. 
On heating boranilide with sulphur for 10 minutes, it is transformed into thioboran- 
ilide (m.p. 109-110°C). Nitrosoanilide (m.p. 83°C) is formed by its reaction with 
sodium nitrite in excess hydrochloric acid. Various other derivatives are described 
and their preparation dealt with in detail.*® 

Reactions of boric acid with certain ion-exchange resins of the amine type are 
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worth mentioning in this context, having some use in the borate industry. The 
capacity of trimethylammonium type (strong-base) resins varies considerably with 
the concentration H3BO3, probably owing to the penetration of boric acid and the 
formation of a series of polyborate amines fixed by the resin.** Selective adsorption of 
boric acid occurs on ion-exchange resins prepared with N-methyl glucosamine groups*® 
and specifically from resins formed from 1-deoxy-1-(methyl amino)-p-glucitol.*6 


4. Hydrazine Borates 


Little research on hydrazine borate has been published since Dschawachoff’s 
paper of 1902 in which he described the preparation and properties of 
(N2H4)2,(H2B407)3,10H20 and its pentahydrate and anhydrous derivatives.*9 
With the formula written in the standard oxide form, this compound is a 1:3- 
borate, (N2Hs)20,3B203,12H2O. There appear to be only two other references to 
similar borates; the 1:2 compound is prepared by reacting equi-molar amounts of 
hydrazine and boric acid*’, and the hexahydrated 1:3 compound is prepared from 
one mole of hydrazine and six moles of boric acid.®°° The latter may be purified by 
recrystallization from water; heating to elevated temperatures (250°C) under slight 
vacuum converts it to the anhydrous form.®°° The 1:2 compound was found to show 
herbicidal activity and was patented as a defoliant*’, while the 1:3 compound has 
been patented as a soldering flux.°° 

Hydrazine reacts with borate esters to form addition compounds in an analogous 
fashion to ethylene diamine, as described earlier.® It is suggested that hydrazine is 
a stronger ligand than ethylenediamine, as it was possible to form B(OEt)2(OMe),- 
NeH., whereas ethylenediamine would not form an analogous product. Other 
compounds formed were B(OEt)(OMe)2,N2H, and B(OPr‘)(OMe)2,NeH. and the 
simple B(OMe)3,N2H, having the structure: 


H H 


| cra 
(OMe)3B SS ane SS B(OMe)3.° 


| 
H H 


Further work on the reaction of hydrazine with boron alkoxides and boric acid and 
the structures of the products has been reported.*® One alkoxide group of triethyl 
borate and two alkoxide groups of tri-iso-propyl borate are replaced by hydrazino 
groups at room temperature and 1 mm Hg pressure. Reaction products formed with 
boric acid are B(OH)2N2H3,Bo(OH)2N2 and B(OH)N2He. It was thought that the 
products might be polymeric.*® Addition compounds of hydrazine with triethyl and 
tri-allyl borates have been prepared and the 1B N.M.R. chemical shift was shown to 
depend on reactant concentration, which indicates that exchange occurs.1® 
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SECTION Al7 
ESTERS OF BORIC ACID 


BY D. B. GREEN 


Boric acid forms esters with alcohols, both monohydric and polyhydric, and the 
literature on the subject is extensive. It has been reviewed recently by Steinberg 
et al.1-* Nomenclature is often confusing, and that recommended by the American 
Chemical Society is largely employed in the present text. The simple esters of 
orthoboric acid, (RO)3B, are variously referred to as borate esters, trialkylborates 
or trialkoxyboranes; similarly, the cyclic derivatives of metaboric acid, (ROBO)s, 
are known either as metaborates or, more explicitly, trialkoxyboroxines. The essen- 
tial feature of all is the B—O-C linkage. 


A. GENERAL PREPARATIVE METHODS 


Methods of preparation are similar throughout the class. Methods 1 to 6 refer 
especially to symmetrical orthoborates of monohydric alcohols and phenols, but 
the general principles can often be applied to the preparation of other boron esters. 


1. Interaction of Boric Acid or Boric Oxide with a Monohydric Alcohol 


3ROH+ B(OH); =—— (RO)3B+3H20 
3ROH+ B,O3; =— (RO)3B+ H20 


This is an equilibrium reaction, and the equilibrium lies well over to the left. To 
drive the reaction to completion, water must be removed, usually by the addition 
of a suitable hydrocarbon (benzene or toluene) to form a binary azeotrope. Water 
is removed from the azeotrope (e.g. in the laboratory by using a Dean and Stark 
apparatus) and the hydrocarbon is recycled. Other methods include use of excess 
alcohol to give an alcohol/water azeotrope, and use of a ternary azeotrope of excess 
alcohol/water/hydrocarbon. The above approach has been used successfully for 
many alcohols, including unsaturated, alicyclic, aromatic and both unsubstituted 
and substituted saturated alcohols. It is not generally successful with tertiary alco- 
hols, for which special methods often have to be used. These special methods in- 
clude transesterification®~” (see 3 below) and alcoholysis of sodium borohydride: 


NaBH.+H* —~> Na*+H.+[BHs] 
2ROH+ [BH3] —~ (RO)2.BH+ 2H. 
ROH +(RO)2.BH — > (RO)3B+ He 


Trimethoxyborane is difficult to prepare in a pure state by the esterification of boric 
acid, since it forms a low-boiling azeotrope with methanol. Usually, therefore, the 
azeotrope is initially prepared by interaction of boric oxide and methanol® and 
then broken by one of a variety of methods. This ester is used industrially (see 
below) and therefore some of the extraction methods will be described. Schiff® 
first separated a mixture of trimethoxyborane and methanol by shaking it with 
either calcium chloride or concentrated sulphuric acid. These methods give two 
layers, and the upper layer is considerably enriched in methyl borate. The upper 
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layer can then either be recycled for further enrichment or distilled to give a forerun 
of the azeotrope, followed by the pure ester. A better yield, and probably also a 
purer product, was obtained by later workers using lithium chloride.1° Another 
method has been to extract the ester with a suitable hydrocarbon", though this 
method must be operated as a continuous cyclic process to be practicable. All these 
methods are improved by converting them, with modifications where necessary, to 
a countercurrent extraction process. Other methods used for breaking the azeotrope 
include addition of a third component to remove the methanol as a lower-boiling 
ester?°, addition of boric oxide to produce an ester/boric acid mixture, and removal 
of the methanol by absorption on a molecular sieve.+? 


2. Alcoholysis of Borax or other Alkali Metal Borates in 
either Neutral or Acidic Media 


Methanolysis of borax followed by hydrolysis of the azeotrope has been patented 
as a method of obtaining boric acid from borax without the use of a strong mineral 
acid,7° 

Na2B.0O7 +6ROH —> 2(RO)3B fF NaeBe.O. Tr 3H,O 


Other more obvious methods involve treatment of a sodium or calcium borate 
with a strong mineral acid and methanol??: 


Na-,B,O7 =f H.SO, ae 16CH;0H Saar 4(CH30)3B Se 4CH3,0H ae Na2SO, a 7H.O 


Various other methods of preparing borates from alkali-metal borates have been 
described and some of them have been patented. They include the novel method of 
interaction of either borax or colemanite (calcium borate) with carbon dioxide in 
methanol.?>: 1° 


3. Transesterification 
(RO)3B+ 3R’OH =— (R’O)3B+3ROH 


In essence, this is a simple method of preparation requiring no removal of water. 
An ester of lower molecular weight (frequently trimethyl borate) is converted into 
a higher one by treatment with a higher-boiling alcohol. The equilibrium is shifted 
completely over to the right by distilling off the lower-boiling alcohol. It is possible 
to prepare a lower-boiling ester from a higher-boiling one under suitable conditions, 
but the yield is poor. The merit of this reaction is that it can be applied to prepare 
a wide variety of borates’” both simple and substituted (e.g. aminoalcohol borates), 
many of which would not otherwise be easily accessible. The method has been used 
successfully to prepare a number of tertiary alkyl borates’ 18, which are not easy 
to prepare: other methods of preparation frequently result in decomposition to 
alkenes and other products. An interesting potential industrial application for this 
reaction is the separation of C;—Cgo alcohols from hydrocarbons by transesterifica- 
tion with trimethoxyborane followed by distillation.t? Regeneration of the alcohols 
is effected readily by a second transesterification with methanol. 

A related reaction which can also be considered under this heading is the inter- 
action of triacetoxyborane (see below) with alcohols or phenols?° ??: 


(AcO)3B+3ROH —~ (RO)3B+ 3AcOH 
A problem with this reaction is that special conditions must be used to prevent the 
acetic acid produced reacting with the borate ester to give boric acid and the acetic 


acid ester. This is not a common preparative method and other methods are usually 
preferable. 


4. Interaction of Boron Trihalides with Oxygen-Containing 
Organic Compounds 


Suitable compounds include alcohols, phenols, alkoxides, aldehydes, ethers and 
esters of carboxylic acid. Boron trihalides, particularly boron trichloride, react 
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virtually irreversibly at room temperature with many primary and secondary alco- 
hols and phenols in stepwise reactions to give trialkoxyboranes.?? 


BClz; + 3ROH —~> (RO)3B+ 3HCl 


This is a parallel to the reaction of acyl halides with alcohols to form carboxylic 
acid esters. The simplicity of this reaction, which can frequently be performed at or 
below room temperature, is clearly advantageous for the preparation of many esters 
and especially substituted aromatic borates. The reaction can be used to prepare 
tertiary alkoxyboranes, which are sensitive to hydrogen chloride, by adding pyridine 
to the mixture.?* The treatment of various complexes of boron trichloride with the 
alcohol has also been used to prepare alkoxyboranes. These include ether, tetra- 
hydrofuran, dioxane, triphenyl phosphate and acetonitrile complexes. 

Boron tribromide reacts in a similar way to the trichloride in many cases but it 
has a stronger tendency to halogenate the alkyl group of the alcohol.2* Boron 
trifluoride has a very different reactivity and the reaction often gives a complex and 
sometimes dehydrates the alcohol to the olefin, which may polymerize in the pres- 
ence of the trifluoride. It is possible to produce certain alkoxyboranes using a 
boron trifluoride—alcohol complex or by adding a suitable base such as urea. Boron 
tri-iodide has not been reported to produce an alkoxyborane. Sodium?> or alumin- 
ium ?° alkoxides react readily with either boron trichloride or trifluoride to give the 
alkoxyborane: 


3EtONa + BCl3/BF; —> (EtO)3B + 3NaCl/3NaF 


Ethers have been shown to react stepwise with boron trichloride?’ to yield dialkoxy- 
chloroboranes which, although they did not react further with the ether, dispro- 
portionated or reacted with the monoalkoxydihaloborane as shown below: 


2(RO)sBCl —> ROBCI,+(RO)3B 


Borate esters have also been obtained in good yield from the reaction of boron tri- 
bromide with ethers?®, and from boron trifluoride etherate by interaction with cer- 
tain amine hydrochlorides.?° 

60 — 100°C 


3RNH3;CI+ 3Et2z0: BF; ————~> 3EtCl+ RNH,2[EtOBFs3] 


t 
(EtO)3B + 2RNH,[BF,4] + RNH3F 


Trialkoxyboranes have also been formed from the reaction of boron trichloride 
with cyclic ethers, aldehydes (providing the only direct path to a-chloro esters), 
carboxylic esters, phosphorus and silicon esters and several less common oxygen- 
ated compounds. Boron tribromide can also be used in some of these reactions. 
Many of the reactions are complex, and for further information the reader is referred 
to two well-known reference works on the subject.?> 


5. Disproportionation, Decomposition or Reaction of Alkoxyhaloboranes 


Disproportionation and decomposition were briefly discussed under 4 above. Al- 
though trialkoxyboranes can be prepared by the reaction of alkoxyhaloboranes (with, 
for example, an alcohol or carboxylic acid), there is usually no advantage in the method 
since both the dialkoxyhaloboranes and the alkoxydihaloboranes are normally 
and most conveniently made from the boron trihalide and the alcohol/phenol or 
alkoxide/phenoxide. In special cases the method can offer advantages and the 
reader is referred to a more comprehensive study for details.1 The alkoxyhaloboranes 
are essentially intermediates in the reaction of boron trihalides with alcohols. Their 
thermal stability is very variable, but in general they are much less stable than the 
trialkoxyboranes. 
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6. Other General Methods 


There are many other reactions which lead to the formation of trialkoxyboranes, 
but few would be used for their preparation except in special cases: for example, 
the thermal decomposition of trialkoxyboroxines or their reaction with alcohol. 
Trialkoxyboroxines are usually prepared from the borate ester and boric oxide.®° 3! 
Alcoholysis of alkali-metal borohydrides is sometimes useful and of particular 
note is the preparation of tri-tert-alkoxyboranes by the alcoholysis of sodium boro- 
hydride (see 1). 


7. Reactions of Boric Acid/Oxide or Boron Trichloride with 
Polyhydric Alcohols and Phenols 


The interaction of boric acid/oxide or boron trichloride with a polyhydric alcohol 
or phenol can lead to a variety of products depending upon the stoichiometry and 
conditions of the reaction. 


(a). Glycol Biborates 


These may be prepared by basic methods given in 1, 3 and 4 (above) by using 
suitable stoichiometric quantities of boron source and glycol. For example, by the 
method in 1, the interaction of two moles of boric acid (or 1 mole of the anhydride) 
with at least 3 moles of a diol gives a glycol biborate: 


OH pe aes) 
\ / 
3R +2B(OH)3; ——> R Bam al mk R +6H,O 
L_on Paty oe 


The water is removed by azeotrope formation or even by heating under slightly 
reduced pressure.°??? Similarly the method in 4 can be used (boron trichloride 
and glycol) and this can give excellent yields of biborates.** 

1,2- and 1,3-glycols usually give monomeric products, but 1,4- and higher glycols 
usually give a polymeric product: ° 


OH 
3R a B203 aa 
OH 


If the stoichiometry is changed and less than 3 moles of glycol are used per 2 moles 
of boric acid, even 1,2-glycols such as ethylene glycol are said to give polymeric 
products.%° 


(b). 2-Hydroxy-1,3,2- dioxaborolanes and borinanes and related compounds 


(i). HYDROXYBORESTERS OF MONOHYDRIC ALCOHOLS 


Dialkoxyhydroxyboranes, (RO)2,BOH, do not exist, except perhaps as inter- 
mediates in esterification reactions. One or two examples of alkoxydihydroxyboranes 
have been prepared from sterically hindered monohydric alcohols or phenols.*® 
Thus the chemistry of hydroxyesters of monohydric alcohols is very limited. 


Refs. p. 718 


Esters of Boric Acid 707 


(ii). HYDROXYBOROLANES AND BORINANES 


The chemistry of these special esters of boric acid is dominated by the reaction 
products of glycols with boric acid, i.e. preparation by the method in A, 1 (above). 


—OH O 
ties + B(OH), —H%t aes 
yatirHieat tap B—OH + 2H20 
OH big 


Certain polyhydric alcohols and phenols have also been reported to give various 
compounds containing the 


oc 


we 
(HO)z,BO—C or HO—B groupings 


tes 
O—C 


1,2- and 1,3- glycols react with an equimolar quantity of boric acid to give the 
hydroxyborolane (5-membered ring) or borinane (6-membered ring). This reaction 
is very simple and occurs so readily in some cases that equimolar quantities of the 
reactants may be simply dissolved in hot water and the product isolated by subse- 
quent cooling and filtration.*’ This facile reaction distinguishes these esters from 
the esters of monohydric alcohols, where the esterification rate is slow in non-aqueous 
solvents and the products are all readily hydrolysable. The reaction does not always 
proceed rapidly and notable exceptions are ethylene and propylene-1,3-glycols.?” 
The higher glycols do not yield an isolatable hydroxyester. 

Polyvinyl alcohol reacts with an aqueous solution of boric acid to give a white 
solid.°® This solid reacts with sodium hydroxide to give a salt, and for this reason 
the product is believed to contain borinane rings. 


| | 

CH CHa 

jaa rere 

CHe B—OH+ NaOH —— CH, B—ONa+ H2O 
| 


| 
Sikes. Steal 


Sugar alcohols, such as mannitol, react with boric acid either by direct heating 
of an equimolar mixture or by making an aqueous solution of the mixture to form 
products containing a borolane ring. Using a 1:2 mole ratio of sugar to boric acid 
results in a bisborate by esterification of the remaining two hydroxy groups.®9 


CH20OH CH.OH CH,OH 
HO—C—H HO—C—H _O—C—H 
| HO—B_ | 
HO—C—H B(OH); HO—C—H B(OH), O—C—H 
eae ae | a 
H—C—OH H—C—O H—C—O 
| _~>B-OH po B=0H 
mbes OH H—C—O oA hien 
CH,OH CH20OH CH,OH 


Borolanes and borinanes may be prepared by several other methods, but in prac- 
tice these usually involve a two-stage reaction and the methods already described 
may therefore be regarded as by the far the most common. 
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(iii). 2,2’-oxyBIs-(1,3,2-DIOxABOROLANES AND BORINANES) 


These anhydrides of the 2-hydroxyborolanes and borinanes are usually prepared 
by azeotropic distillation of a 1:1 molar mixture of boric acid and the 1,2- or 1,3- 
glycol.*° Suitable molar ratios of boric oxide or metaboric acid and the glycol may 
also be used in a similar manner. Another method of preparation is to dehydrate 
the corresponding hydroxyborolane or borinane, which loses water readily on 
heating.*?> 42 


Me Me 
Nos 
C—OH 
H.C + B(OH). 
Nc_ow Me M Me Me 
v wan O Ss 
Me H VER erage ITAL 
H.C B—O—B Sie 
Bis tedhon te co One 
ye Te yieat Me H Me H 
2H2C B—OH ~_¥:0 
S 
C—O 
HOE 
Me H 


8. Preparative Methods for Classes of Compounds Not Specifically Mentioned 
inl to7 


(a). Unsymmetrical Orthoborates 


Most of the simple unsymmetrical or mixed orthoborates of either aliphatic or aro- 
matic or mixed alcohols undergo disproportionation reactions so readily that they 
virtually do not exist at room temperature. Attempts to isolate them from reactions 
such as that shown below result only in the isolation of the symmetrical orthoborates: 


(EtO)3B+n-BuOH ——~ [(EtO),.BOBu]+ EtOH 


Y 


However, two types of relatively simple mixed orthoborates do exist. These are 
those derived from o-nitrophenol and from 2,6-di-t-alkylphenols. The stability of 
these two types of mixed ester may be due to steric factors. The latter type is suffi- 
ciently stable to be distilled under reduced pressure and is also exceptionally stable 
to hydrolysis. Its hydrolytic stability may also be attributable to donation of 7 
electrons from the ring to the boron atom. Bis-o-nitrophenoxyethoxyborane was 
prepared by treating the chloroborane with ethanol#?: 


NO. NO2 
Mi 


6 | BCI+ EtOH — { \- 6 | BOEt+HC! 
2 2 


The bis-alkoxy-2,6-di-t-alkylphenoxyboranes have been prepared similarly from the 
dichloroborane, by transesterification of a trialkoxyborane with the phenol re- 
placing one of the simple alkoxy groups with a di-t-alkylphenoxy group and by 
esterification of a 2-hydroxy-1,3,2-dioxaborinane. Simple transesterification has 
also been used to replace the two alkoxy groups with a glycol to give a dioxabori- 
nane. Much of this work has been done by Steinberg and his co-workers.** 

It has been reported*® that unsymmetrical glycol biborates can be prepared from 
a mixture of 1,3- and 1,4-glycols with boric acid in a similar way to the symmetrical 
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biborates (see 7(a) above). The formation of mixed products is virtually eliminated 
as 1,4-glycols do not readily form a ring. 

2-Alkoxy/phenoxy-1,3,2-dioxaborolanes and borinanes are usually simply pre- 
pared by using a method analogous to that for orthoborates (see 1 above) except 
that 2 moles of monohydric alcohol are replaced with one of diol*®: 


CH,0H CH,—O_ 
2| +2n-BuOH+B,0, —> 2| , BOBu-n + 3H20 
CH20H CH,—O 


These esters are relatively much more thermally stable than the mixed esters of the 
monohydric alcohols, which is probably attributable to the stability of the five- 
membered ring. There are various other preparative methods but these are all 
more complex and are of value mainly for the preparation of compounds which 
for one reason or another are not readily prepared by the method just described. The 
most important of these are the esterification of 2-hydroxy-1,3,2-dioxaborolanes 
and borinanes*’ or of the 2-chloro derivative*® 4°, the transesterification of 2- 
alkoxy-1,3,2-dioxaborolanes with a monohydric alcohol or of a trialkoxyborane 
with a dihydric alcohol®°; the interaction of trialkoxyboranes and glycol biborates®!; 
and the alcoholysis of 2,2’-oxybis-(1,3,2-dioxaborolanes).*? 


(b). Mixed Anhydrides of Boric Acid and Carboxylic Acids 


By far the best known compound in this class is acetyl borate. In the literature 
both triacetoxyborane (A) and tetra-acetoxy diborate (B) are described. There is 


(CH3COz)3B (CH3CO2)2B—O—B(O2CCHs3)> 
A. B. 


no doubt that the diborate exists, but there is considerable controversy about the 
triacetoxy compound, which appears at least to be very difficult to prepare. In the 
author’s own experience, all attempts to prepare the triacetoxy compound have 
failed. However, several workers have reported the isolation of this compound, and 
a possible explanation is that it readily undergoes an intermolecular elimination 
reaction losing acetic anhydride to give the diborate. 

The diborate may be prepared by the interaction of acetic anhydride with boric 
acid, boric oxide, metaboric acid, boron trichloride and trialkoxyboranes. Workers 
reporting the triacetoxy compound have used the reaction of at least 3 moles of 
acetic anhydride with either boric acid or boric oxide.?! Both products have also 
been claimed to be formed by the interaction of acetyl chloride with boric acid, and 
the tricarboxyboranes of other acids including benzoic?! and cinnamic®? are re- 
ported to have been prepared by this method from the corresponding acid chlorides. 
Either the diborates or the tricarboxyboranes of a number of carboxylic acids may 
also be prepared by the interaction of the carboxylic acid with boron trichloride or 
tribromide, an alkoxychloroborane, diborane or a trialkylborane. Rather like the 
transesterification of orthoborate esters, higher mixed anhydrides of boric acid can 
be prepared by the interaction of tetra-acetoxy diborate (or the in situ product of 
acetic anhydride and boric acid) with a higher carboxylic acid. 


(c). Trialkoxyboroxines 

Trialkoxyboroxines are essentially esters of metaboric acid. The stoichiometric 
formula of metaboric acid is HO—B=O, but in fact this compound is generally 
accepted to be polymeric and its esters are trimeric rings (see below) and are there- 
fore termed trialkoxyboroxines. 


| 
RO—B. BOR 
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Only the primary and secondary alkoxyboroxines have been reported. They are 
usually viscous liquids, but a few crystalline compounds are also known. 

There are a number of common methods for preparing alkoxyboroxines but in 
the author’s view the laboratory method of choice (and also the method giving the 
purest products) in most cases is the interaction of boric oxide with an orthoborate 
ester.°° 
The reaction is usually very slow but can be considerably accelerated by using boric’ 
oxide having a high surface area (prepared by gentle heating of boric acid under 
vacuum) and adding a trace of an alcohol (usually the one which would result from 
the hydrolysis of the orthoborate ester). Other methods include: interaction of 
either boric acid, metaboric acid or boric oxide with the stoichiometric quantity of 
an alcohol and removal of the water by azeotrope formation, heating or simply 
use of reduced pressure (see 1, above); and decomposition of a dialkoxyhaloborane 
either thermally or catalytically with a Lewis acid. 


3(RO)2BCl — > (ROBO)3+ 3RCl 


Transesterification of a simple alkoxyboroxine with a hindered phenol has also 
resulted in the formation of a boroxine. 

Polyborates are known as well as boroxines. These are simply compounds where 
the ratio of boron atoms to alkoxy groups is greater than one. Clearly this is a very 
large class of compounds, but certain well-defined members, mainly those having 
a 4:3 ratio of boron to alkoxyl groups (c and D), are clearly defined. These com- 
pounds are usually prepared by one of two methods both analogous to those used for 


Ss ay aN: 
B B B 
Rump Feast? ge: 
RO—B B—O—B—O—B—O—B B--OR,, . RO—B B—O—B—OH 
noe meres noel ieee | 
RO RO RO 
C. D. 


the boroxines. These are interaction of the alcohol with boric/metaboric acid or an- 
hydride*® and reaction of an orthoborate with boric oxide.°? 


(d). Peroxyboranes 
Peroxyboranes can be regarded as alkyl- or acyl-oxyboranes with an extra oxygen 
between the boron atom and the alkoxy group. The following structures have been 
reported: 
(ROO)3B (ROO)2zBOH (ROO):BOR’ ROOB(OR), 
I. LE. III. IV. 


Methods of preparation by the interaction of a hydroperoxide with a trialkoxyborane 
are discussed under reactions of the B—OR group under 7(g) (p. 717). Nucleophilic 
substitution can also be done with boron trichloride and alkyl hydroperoxides °**: 


BCl3;+3Bu'OOH —~> B(OOBu‘); + 3HCl 


An alternative method of preparation is by the autoxidation of trialkylboranes.®* °° 
This method may be used for peroxyboranes having structures (III) and (IV). 


R,B —-> R,BOOR —2> RB(OOR); 


Treatment of alkyldialkylperoxyboranes with pyridine, piperidine or water 
leads to rearrangement to give the dialkoxyalkylperoxyboranes. Trialkylperoxy- 
boranes are readily and completely hydrolysed and also undergo alcoholysis very 
easily.°* 

(ROO)3;B+ 3H,0 —> H3BO3+3ROOH 
(Bu‘OO); + 3EtOH —> 3Bu'OOH+(EtO)3B 
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Tri-t-butylperoxyborane (but not n-butyl) forms rather unstable insoluble 1:1 com- 
plexes with some amines.** Trialkylperoxyboranes react with alkenes to give epoxides 
in good yield.°® It has also been claimed ®’ that they will react with aromatic hydro- 
carbons to give phenols, but the author was not able to verify this reaction.°® Both 
tri-n-butyl and tri-t-butylperoxyboranes have been shown to catalyse the polymer- 
ization of styrene and methyl methacrylate.°*:°? This is good evidence for the 
homolytic fission of the O—-O bonds. 


B. REACTIONS OF THE B—OR GROUP 


1. Thermal Stability 


The symmetrical orthoborate esters except for the tertiary alkyl esters are gener- 
ally very stable thermally. There are many references to the thermal decomposition 
of orthoborates to give alkenes. However, except for the tertiary alkyl borates and 
many higher molecular-weight borates, it is generally not the orthoborate but in 
effect the metaborate which has been pyrolysed to give the alkene. Mixtures of 
secondary and tertiary alcohols can be separated by conversion into the borate 
esters®° followed by high-temperature distillation, when the tertiary alkyl borates 
are pyrolysed to eliminate the corresponding olefin. The aromatic orthoborates are 
particularly stable and their increased stability is probably due to the stronger 
C—O bond and also the free-radical-stopping properties of the phenyl group. 

The pyrolysis of various alcohol/boric acid mixtures has resulted in the formation 
of alkenes. The proportions of the reactants suggest that the reaction proceeds 
through the metaborate. There is evidence that the reaction is acid-catalysed and 
proceeds through a carbonium ion mechanism.°+ 

The thermal stability of orthoborates of dihydric alcohols and phenols has been 
very little studied. The action of heat on unsymmetrical orthoborates can cause 
both decomposition and disproportionation, and frequently (as might be expected) 
these esters will decompose by either or both routes more readily than most sym- 
metrical orthoborates. 2-Hydroxy-1,3,2-dioxaborolanes and borinanes are readily 
dehydrated on heating to give the anhydride, but the anhydride itself is thermally 
very stable, at least when R is aryl.*? 


Fee adn ? 
2R BOH—>R_ B—O-B_~ R+H,.0 
easy jit yd 


Tetra-acetoxy diborate is decomposed at about 150°C to give acetic anhydride 
and a residue whose analysis suggests it is trisacetoxyboroxine.®°? Limited data 
available on diacyloxyaryloxyboranes show a similar reaction to give acetic an- 
hydride and the metaborate (boroxine). Thermolysis of triacetoxyborane is dis- 
cussed under 8(b), above. 


2. Hydrolytic Stability 


In general the B—OR bond is readily hydrolysed. However, bulky alkyl or aryl 
groups giving steric hindrance and suitable electronic factors render certain borate 
esters remarkably stable. Most of the symmetrical orthoborate esters are hydro- 
lytically very unstable. 


(RO)3B+3H20 =— 3ROH+ B(OH); 


As might be expected, the secondary and tertiary alkyl esters are generally more 
stable than the primary ones. Glycol biborates are readily hydrolysed to boric acid 
and the glycol although a partially hydrolysed product, the 2-hydroxy-1,3,2-dioxa- 
borinane, can be isolated under certain conditions. Unsymmetrical orthoborates 
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are also generally unstable to hydrolysis, with a few exceptions including the hin- 
dered phenolic borates.®* 

Like most other borate esters, the boroxines are generally rapidly hydrolysed. 
The size of the alkyl group has little effect on the speed of hydrolysis, owing to the 
separation of the three groups by the ring structure. Hindered phenolic boroxines 
are more slowly hydrolysed, and it is sometimes possible to isolate the intermediate 
dihydroxyaryloxyborane, which is precipitated from water.°? Trialkanolamine 
borates are only very slowly hydrolysed.®* This is probably due to the stable triple- 
ring structure and to an increase of electron density on the boron atom resulting 
from nitrogen coordination. Tri-u-propanolamine borate is exceptionally stable 
and may well be the most stable borate ester known.®* 


3. Alcoholysis 


The reaction of orthoborates and acetoxyboranes with alcohols and phenols has 
already been discussed under 3, above. This reaction is very important with all the 
borate esters, because, except where inhibiting steric and electronic factors are 
involved, the B—OR bond is very labile. In any alcohol/borate mixture there is 
nearly always an equilibrium of the following type: 


KS 
B—OR+R’OH == B—OR’+ROH 
‘a va 


In transesterification the equilibrium is eventually moved completely to one side 
by distilling off the lower-boiling alcohol. The principle can be used for the prepara- 
tion of 2-alkoxy-1,3,2-dioxaborolanes. The reverse procedure is used in the analysis 
of high-boiling glycol borates when methanol in excess of the stoichiometric quan- 
tity is added and the methanol/methy! borate azeotrope distilled out. 

There appears to be no reason why boroxines should not be prepared by alcohol- 
ysis and distilling out the lower-boiling alcohol. In practice, fission of the B-O 
ring occurs and a mixture of the orthoborates and boric acid is obtained. 


4. Reaction with Amines 


Compounds containing the B—OR bond usually react with amines in one of two 
ways: (a) complex formation; (b) displacement of an alkoxy group by an alkyl- 
amine group: 


H 
S bet! 
B—OR+R’NH, —> R’N->+B—OR (a) 
bev 
H 
Be 
B—OR+R’NH, —> B—NHR’+ROH (b) 
vas we 


(a). Complex Formation 


Boron trichloride reacts readily with most amines to give a complex, but in the 
borate esters the electron density is increased on the boron atom by the inductive 
effect of the alkoxy group. For this reason trimethoxyborane is the only simple 
aliphatic borate ester which forms complexes. This is because both the +/ effect 
and the steric effects are at a minimum. Generally, strongly basic amines with no 
steric hindrance form complexes with trimethoxyborane.®* In boron esters having 
chlorinated (or other —/J/) alkyl groups the +/ effect is reduced and once again 
complexes are sometimes formed. However, steric effects can sometimes prevent 
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complex formation even though electronic factors are favourable, e.g. tri-(2,2,2- 
trichloroethoxy)borane does not form a stable complex with pyridine®®, but re- 
placing the chlorine with fluorine reduces steric strain and a complex has been 
isolated from this fluorinated borate.®’ 

The triaryloxyboranes readily form complexes even with quite weakly basic 
amines such as pyridine. This is expected because of the reduced electron density 
on the boron atom resulting from the — M effect of the aromatic ring. The other 


important factors in determining the course of reaction of the B—OR group with 


an amine are the basic strength of the amine and whether or not it is sterically hin- 
dered. Stronger, more bulky amines such as diethylamine will not form a complex 
with trimethoxyborane, presumably because of steric factors. In general this is also 
true with the aromatic boron esters but there are certain exceptions such as the 
complex of tri-m-cresyloxyborane with di-isobutylamine. A 1:1 complex of 2,3- 
butanediol biborate with benzylamine has been described.?? Those unsymmetrical 
orthoborates having an aryloxy group generally form stable 1:1 complexes with 
certain amines such as pyridine and aniline.°1 As might be expected, the totally 
aliphatic ones do not complex nearly so readily and when complexes are formed 
they are unstable.*? 


(b). Displacement Reactions 


Orthoborate esters can be made to react with primary amines, the alkoxy group 
being substituted with an alkylamino group: 


(i-C3H7O)3B af 3CgHii1NHe a (CgHi,NH)3B =F 3i-C3;H7OH 


In many cases the reaction is slow, even under reflux conditions with a high-boiling 
amine such as aniline.®°* Trimethoxyboroxine is reported to react readily with aniline 
and substituted anilines®®, and can react to produce either a monomer (8) or a 
polymeric compound (A) according to the stoichiometry: 


Me Me? Sait 
TERI ROR EOE WN tAHON 
vacwore er noms 
Ph Ph 

A. B. 


This contrasts with the comparative difficulty of reacting an orthoborate with an 
amine. Tributoxyboroxine reacts with a number of amines to form a complex 
formulated as (Cc): 


Nn Sf 
SS /OCsH 9 
O~7 Boo 
| | 
BL, B-O 
Cc. 


and tributoxyborane.”° 
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5. Reactions with Acids, (a) Carboxylic, (b) Inorganic 
(a). Carboxylic Acids 


Orthoborate esters usually react with carboxylic acids to give the corresponding 
carboxylic ester and boric acid: 


(RO)3B+3R’CO2H —> 3R’CO2R+ H3BOz; 


This reaction has been used as a simple method for the preparation of acetates, 
benzoates and cinnamates of primary, secondary and tertiary alcohols and phenols. 
Boroxines have also been shown to react similarly both with carboxylic acids, 
anhydrides and chlorides. The interaction of orthoborate esters with acid an- 
hydrides to give the tetra-acyloxy diborate and acyl ester has been mentioned 
under 8(b), above. 


(b). Inorganic Acids 


The general reaction of the B—OR bond with an inorganic acid is alkylation of 
the acid?: 


(EtO);B+3HNO,; ——> 3EtONO,+ B(OH); 


Similar reactions occur with hydrogen bromide and iodide and in certain cases with 
hydrogen chloride. However, with hydrogen chloride there is sometimes no reaction 
or it stops short of complete dealkylation”:: 


(RO)3B+2HCIl — > 2ROH+ ROBCl. 


Hydrogen bromide also reacts with tri(ethylene glycol) biborate to give ethylene 
bromide and boric acid. Phosphoric acid reacts with orthoborates to give ultimately 
boron phosphate and the alcohols/alkylphosphates.”1 Sulphuric acid reacts in a 
similar way with triethoxyborane”’!’°, except that the intermediate compounds 
formed are more stable and the reaction stops short of ‘“‘boron sulphate’’ (q.v.) 
to give a residue having the formula: 


(EtO),BOSO,0BOSO2OB(OEt). 


OEt 


The reaction of trialkoxyboranes with hydrogen fluoride does not follow the general 
pattern and boron trifluoride dialcoholates are formed.”? 


(RO)3;B+ 3HF —~> BF3,2ROH+ ROH 


Trimethoxyboroxine also reacts with hydrogen fluoride to give a complex contain- 
ing boron trifluoride, methanol and water.” 


6. Reactions with Halogen Compounds and Friedel—Crafts Reaction 


There is little in the literature about the reactions of halogen compounds with the 
B-OR group, except for the reactions of the orthoborates. The exception is the 
reactions with boron trihalides and the Friedel-Crafts reaction which are discussed 
below. It has been claimed in a patent that both trimethoxyborane and trimethoxy- 
boroxine react with chlorine to give boron trichloride, phosgene and hydrogen 
chloride”?: 


(MeO)3B+ 9Clz ——> BClg+ 9HCI+3COCI. 


A few other reactions of orthoborates with chlorine have also been described, but 
the products tend to be complex. Orthoborate esters do not in general react readily 
with normally reactive halides such as those of Groups III to V, and thionyl and 
acyl chlorides, but under vigorous conditions or in the presence of ferric chloride 
they can be made to do so. For example, silicon tetrachloride will not react with 
boiling tributoxyborane until a small amount of ferric chloride is added, when 
butene and butyl chloride are evolved and the residue contains boric oxide and 
silica.”* Similarly, phosphorus trichloride reacts with tributoxyborane only if 
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either ferric chloride or some oxygen is present.”* In the presence of oxygen, a 
thermally unstable phosphorylated product (A) is obtained, but when ferric chloride 


O 


(ClzPC,HgO)3B 
A. 


is present, prolonged heating at 95°C results in evolution of butyl chloride. Tri- 
butoxy-borane also reacts with thionyl or acetyl chlorides only in the presence of 
ferric chloride”*, giving respectively sulphur dioxide and butyl chloride, and butyl 
acetate and chloride. Phosphoryl chloride reacts readily with trialkoxyboranes”°* 
to form the alkyl halide and boron phosphate. 


(RO);3B+POCIl; ——> 3RCI+ BPO, 


Boron trichloride reacts with orthoborate esters and other compounds having 
the B—OR bond. Gerrard and his co-workers have reported many of the known 
reactions of boron trichloride with compounds containing the B-OR group. The 
reaction with orthoborates is a convenient preparative method for alkoxychloro- 
boranes“® and a similar reaction also occurs with alkoxyboroxines.”° 


2BCl; +(RO)3B —~> 3ROBCIl, 
3BCl; +(BuOBO); — > 3BuOBCl,. + (CIBO)s 


Many alkoxydichloroboranes decompose well below room temperature, but a 
few are stable at 20°C or higher. 2-Alkoxy-1,3,2-dioxaboranes also react similarly: 


aaa eae 
R BOR’+BClz; — R BCI+ R’OBCl. 
Lo Lo 


Symmetrical’” and unsymmetrical orthoborates, ethylene glycol biborate’® and 
triacyloxyboranes”° have all been used in the Friedel—Crafts reaction: 


2(Bu'O)3;B + 6 ( \-ocn, EOAICR ee 
sau'_{ och +6HCI + B,03+ Al,O3 


Alkyl group rearrangement follows the normal pattern of the Friedel—Crafts reac- 
tion. The Lewis acid most used was aluminium trichloride, but ferric chloride and 
sulphuric acid were also used in a few reactions. Trialkoxyboroxines do not appear 
to act as alkylating agents in the Friedel—Crafts reaction. 


7. Other Reactions mainly of Orthoborate Esters 
(a). Reaction with Metals 


Neither tributoxyborane®°® nor trimethoxyborane®! react with sodium, but un- 
symmetrical borates of type (A): 


Ne Diss 
fools on 
B—OR 
cx0~ 
RY a's 
A. 
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are cleaved across either one or both C—O and B-—O bonds of the ring to give a 
mixture.°° 


(b). Reaction with Silanols 
Trialkoxyboroxines react with triethylsilanol to give tris(triethylsiloxy)borane.®? 


(Bu"O)3B + 3EtsSiOH ——~ (Et;Si0)3B + 3Bu"OH 


(c). Reactions with Metal Hydrides 


The reaction of an orthoborate with metal hydrides depends upon the stoichio- 
metry and reaction conditions and the following reactions are all known: 


(RO)3B+ MH —~> [(RO)3BH]M 
1 4 moles of complex 
4(RO)3B+4MH —> MBH,+3MB(OR), 
2(RO)3B + MH —~> (RO).BH+ MB(OR), 
(RO)3B+4MH —> MBH,+3MOR 


Trialkoxyboroxines also undergo some similar reactions. For further detail the 
reader is referred to Steinberg.®? 


(d). Reactions with Boron Hydrides and Trialkylboranes 


It has been reported that the lower trialkoxyboranes will react with pentaborane-9 
in the presence of aluminium chloride at 100°C.°* Trialkoxyboranes and trialky]l- 
boranes undergo exchange reactions, but only under fairly forcing conditions at 
high temperatures and pressures.®° 


(RO)3B+R,B —> (RO),BR’+R;BOR 


(e). Reactions with Organometallic Compounds 


The reaction of compounds containing the B—OR bond with an organometallic 
compound is one of the most common methods of forming the B—C bond. The 
Grignard reagent is probably more used than any other, and either one, two or all 
three groups can be replaced. 


(RO)3;B + R’MgX —> R’B(OR), > R4B(OR) 
| R/Mex 


R3B 


(f). Reduction (see also 7(c)) and Oxidation 


The reduction of trimethoxyborane with hydrogen and either aluminium powder 
and an aluminium chloride-sodium chloride flux at 170°C °°, or by passage through 
a graphite tube at 1400°C®’, has been reported to give volatile products including 
diborane. Both trimethoxyborane and trimethoxyboroxine are reported to give 
diborane using the first method.®® The reduction of trimethoxyboroxine with lithium 
aluminium hydride is said to give up to 90% yield of lithium borohydride.®® Tri- 
alkoxy- and especially triaryloxyboranes are very stable towards air oxidation even 
at high temperatures. Industrial use is made of this property in the air oxidation 
of hydrocarbons (particularly cyclohexane) in the presence of boric acid.°° The 
stability of the orthoborate formed as the main end-product is an important factor 
in making it possible to obtain a high yield of alcohol (by hydrolysis on completion 
of the reaction) with a relatively small amount of more highly oxidized by-products 
and a much higher alcohol: ketone ratio than would otherwise be obtained. 
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(g). Reaction with Hydroperoxides 


Davies and his co-workers**’*° first studied the interaction of an alkyl hydro- 
peroxide with a trialkoxyborane: 


3ROOH + (Pr"O)3B =— (ROO);B+ 3Pr"OH 


They attempted to prepare tripinanylperoxyborane by heating tri-n-propoxyborane 
and the hydroperoxide under reduced pressure. A rather impure product was ob- 
tained and the method was also unsatisfactory with t-butyl hydroperoxide. A similar 
experiment using cumyl hydroperoxide resulted in an exothermic reaction and the 
formation of phenol. Rhéne—Poulenc®® later patented a method based on this 
scheme for the preparation of trialkylperoxyboranes. The difference is that they 
used trimethoxyborane or at least one of the lowest alkoxyboranes in large excess, 
the alcohol liberated being removed as the trimethoxyborane/alcohol azeotrope. 
A further patent®’ specifies the same reactants, but they are passed through a 
molecular sieve to remove the alcohol as it is formed. Little or no heating is neces- 
sary and only a small excess of alkoxyborane is needed. 


(h). Reaction with Alkoxides and Hydroxides 


All but the tertiary alkyl esters and including triphenoxyborane usually react 
with metal alkoxides of sodium, lithium and potassium (and others in some cases) 
to give the metal tetra-alkoxyborate°?: 


(Pr'O)3B + Pr'ONa —> (Pr'O),BNa 


The reaction is reversible at high temperatures. In this reaction the boron atom 
goes from sp? hybridization (in which state it is electron deficient) to sp*? (when it 
is satisfied by donation of an electron pair from an extra oxygen atom). As would 
be expected the tetra-alkoxy compounds are largely ionic in character, the boron 
atom formally being given a negative charge. They are readily hydrolysed. Mixed 
alkoxy-hydroxy tetraborates have been described in the literature.°?: °° 


USES OF BORATE ESTERS 


There are a large number of patents on the uses of borate esters. In practice 
relatively few are worked. The simplest ester, trimethoxyborane, is normally used 
as a solution in methanol or acetone as a gas flux for welding.°* Trimethoxyborox- 
ine, usually mixed with another boroxine, is used for the curing of certain types of 
epoxy resins.°° Tri-m,p-cresoxyborane is also very effective for curing epoxy resins 
derived from peracid oxidation of olefins.°° Borate esters, usually glycol biborates, 
are used as fuel additives to reduce the octane requirements for automobile fuels.” 9° 
They are also used in both automotive and jet fuels as anti-icing agents and micro- 
biocides.°°’1°° Various glycol borates are used as additives to hydraulic fluids, 
lubricating oils and greases. They are added for several reasons, reduced corro- 
sion?®»1°2 and increased resistance to oxidation even at high temperatures?° 
probably being the most significant. Recently, there has been considerable interest 
in the use of the borate esters of glycol monoethers as components of high-boiling 
hydraulic fluids.1°* Conventional hydraulic fluids eventually break down, partly 
because of absorption of water, but the hydrolysis products of these borate esters 
are still relatively high-boiling and therefore these new brake fluids are claimed to 
be relatively water insensitive. 

Metaboric acid is used in the air oxidation of cyclohexane to direct the oxidation 
towards the production of cyclohexanol.®® The end product before hydrolysis is in fact 
tricyclohexoxyborane and in this sense a borate ester does take part in a very important 
industrial process. A similar process is also used industrially for the preparation of 
cyclododecanol from cyclododecane.’®* Interest also seems to be growing in the 
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preparation of long-chain secondary alcohols for the manufacture of readily biologically 
degradable detergents.'°°-® These alcohols are manufactured in a similar way by the 
oxidation of a suitable fraction of petroleum in the presence of metaboric acid.*°° 

Other uses claimed or described in the literature include the following, though 
few are extensively utilized in industry: neutron-absorbent shield for cooling and 
moderating nuclear reactors!?°; neutron scintillation counters?1?’112; electrolyte 
in a special electrolytic condenser+?*; plasticizers for natural and synthetic resins?**; 
antioxidants in PVC and rubbers**®; and purification of alcohols for perfume — 
manufacture.*? Glycol biborates have been suggested as insecticides and fungicides 
for the in situ treatment of timber.+?® 

In the laboratory, borate esters find a number of uses: in Grignard syntheses for 
the preparation of alkylboron compounds??’; analysis of boron-containing com- 
pounds—the boron is distilled as trimethoxyborane, hydrolysed and reacted with 
mannitol giving the mannitoboric acid complex, which also contains BOR bonds??°; 
preparation of other borate esters by transesterification’’; and preparation of 
alkenes by pyrolysis of the metaborate.®° 
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SECTION Al18 
COORDINATION COMPOUNDS OF BORIC ACID 


BY B. R. SANDERSON 


Introduction 


This section deals with compounds containing four-coordinate boron in a complex 
anion, whose formation has been established or inferred from the reaction of boric acid 
with organic compounds containing more than one hydroxyl group. Inorganic com- 
plexes with heteropolyacids are also described, although there is necessarily some over- 
lap with Section A13, which treats compounds of this type in detail. An introductory 
survey of the equilibria leading to complex formation from boric acid in the presence 
of polyhydric alcohols is given and shows how an understanding of the subject was 
developed from studies of the effects of complex formation, their exploitation and 
comparisons of different complexants. Preparative and equilibrium studies are classified 
according to the reactants involved and the properties and applications of boric acid 
complexes are then reviewed. 


General Survey 


Recognition that boric acid may form anionic complexes with suitable organic com- 
pounds bearing two or more hydroxyl groups came initially from observation of the 
resulting acidity increase for boric acid.1 This effect and the accompanying increase in 
electrical conductivity had first been recognized in the late nineteenth century, and 
historical aspects have received attention as part of a previous work.? Earlier relevant 
studies of the solubility of boric acid in the presence of organic complexants were 
reviewed in the first edition of the present volume.® The formation of anionic complexes 
from suitable polyhydric alcohols and boric acid was also manifest by the influence of 
the latter and other boron compounds on optical rotation* > ® and by the behaviour of 
sugars during chromatography and electrophoresis’’® in the presence of borates. 
Conductivity changes on formation of borate complexes have also been recorded for a 
range of complexants.° Following its use in the titration of boric acid, the effect came to 
be exploited for the resolution and separation of sugars.®:1°11 Later, as the stereo- 
chemical requirement for complex formation became appreciated’? ?* +4, it was utilized 
for structural studies on complexants, e.g. a-hydroxy carboxylic acids!®’+® 1", poly- 
hydric alcohols?® 192° and sugars.?? 22: 23: 24 Generalized requirements for compounds 
to form complexes with boric acid developed from these observations, and they have 
been endorsed and extended by quantitative work providing equilibrium constants for 
the interactions involved. Since the first isolation of a salt containing the complex‘ polyol— 
borate’ anion2® several such compounds have been isolated and studied. A cyclic ester 
structure was initially proposed for the boron-containing complex anion?® but it was 
subsequently shown that the species had a spiran structure.?7: 2% 2% °° In particular the 
resolution of optical antipodes of the 1:2 boric acid: salicyclic acid complex supported 
this structure.® 31 

The several effects of the formation of borate complexes, outlined above, were 
initially ascribed to solubility effects?’ °° and later to the formation of trigonal boron 
species.2° However, the involvement of the tetrahydroxyborate anion in a complex- 
forming reaction with the polyhydric alcohol was initially supported by studies of the 
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distribution of diethyl tartrate between ether and water containing various boron 
compounds.** The preference of this ester for the aqueous phase was found to be 
directly related to the ability of a dissolved boron compound therein to furnish the 
tetrahydroxyborate anion on ionization. The same relationship was observed for the 
effect of boron compounds on the optical rotation of diethyl tartrate*>, mannitol and 
fructose®® and glucose.?” The involvement solely of solubility effects has also been 
refuted by pH and freezing-point measurements on the boric acid-complexing sugar 
system.°® °° The interpretation of complex formation as arising from the reaction of a 
suitable polyhydric alcohol with the tetrahydroxyborate anion, giving an anionic 
complex of which the accompanying proton is acidic, was not disproven by the occur- 
rence of non-acidic products*°® since it was later recognized that cyclic esters, or boro- 
lanes, containing trigonal boron could be formed.*!’42 The involvement of the tetra- 
hydroxyborate anion is supported by work showing that the presence of sodium 
hydroxide is necessary before mannitol will give an appreciable degree of complex 
formation with boric acid.*? More recently, the formation of the tetrahydroxyborate 
anion from boric acid has been confirmed by both Raman spectroscopy** and 1!B 
N.M.R.*°, and its involvement in complex formation from boric acid and polyhydric 
alcohols has been supported by conductance*®, pH*” 48 and ?1B N.M.R.?° studies on 
this system. 

The investigations outlined above show that complex formation in the system boric 
acid—polyhydric alcohol may be described by the following equilibria: 


B(OH): + PH, = BP(OM); £2H,0°-0 7. oe dy 
B(OH)i + 2PH2= BPs +4H,O . . ... + + Q) 
B(OH), + HO = BOHM); 4 BH . | eeees 


where PHz represents the polyhydric alcohol capable of acting as a bidentate ligand and 
forming, with the tetrahydroxyborate anion, a complex anion having the spiran struc- 
ture depicted in Fig. 1 for an aliphatic 1,2-diol. 


Cae wy WH Cathie ark 
dae ios’ | BN | 
C—O OH C—O en 
| 
Fig. 1 


Independent reports in closest agreement®®’>! give values of 5:79 x 107-19 and 5:98 x 
10~*° for the ionization constant of boric acid, K, (equation 3 above), in aqueous 
solution at 25°C. The concentration of the resulting tetrahydroxyborate anion is en- 
hanced at high pH, whilst the formation of neutral esters from boric acid and poly- 
hydric alcohols (equation 4) is promoted at low pH. 


B(OH); + PH, = PB(OH)+2H,O..... . (4) 


In the tables that follow, equilibrium constants for the formation of complex borate 
anions are designated k, and kz; they refer respectively to the formation of the anions 
BP(OH)z and BP; from the tetrahydroxyborate anion (equations 1 and 2). For the 
same equilibria written as involving boric acid it follows that the respective equilibrium 
constants (ki; and ks) are: 


1 = kak, and Ve = Kako. 


If the two complex anions are viewed as interconvertible, then it also follows that the 
equilibrium constant for the production of the anion BP is given by k2/k,. 

It has been observed that there is an appreciable variation in the magnitude and ratio 
of equilibrium constants for the formation of borate complexes by various hydroxylic 
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organic compounds. The outline above shows how consideration of these differences 
contributed to an understanding of the reaction. For simple aliphatic diols complex 
formation is effectively confined to those bearing vicinal hydroxyl groups either 
adjacent or separated by one chain position. A cis rather than trans conformation of 
these hydroxyl groups is best suited to complex formation from boric acid in the case 
of aliphatic diols. Since free rotation about the carbon chain allows adjacent hydroxyl 
groups to assume a frans orientation, and is encouraged by their mutual repulsion, so 
simple aliphatic diols have relatively low equilibrium constants for complex formation.°® 
As the number of hydroxyl groups increases above two this effect may make only 
successively smaller reductions in the net number of hydroxyl groups orientated to 
favour complex formation, so that the linear sugar alcohols are among those compounds 
with the greatest tendency to form complex anions with boric acid. These generaliza- 
tions also follow by comparing the oxygen—oxygen separation in the tetrahydroxyborate 
anion, 2:40-2:44 A®?2, with the separation and conformation of hydroxyl groups 
in the diol or polyhydric alcohol.’ There is some preference for 1,2-diols to form com- 
plex anions whilst esterification (equation 4) may be the dominant interaction with 
1,3-diols.°%:°4:°5 This observation has been rationalized by matching the tetrahedral 
and trigonal planar boron structures, present respectively in the complex and ester, 
with the ring structures resulting from the two different diols in these products.°° The 
tetrahedral tetrahydroxyborate anion for example is best accommodated in the five- 
membered ring formed from its interaction with a 1,2-diol. Complex formation by 
saturated alicyclic polyhydric alcohols is possible, although examples are confined 
mainly to five- and six-membered ring compounds having adjacent hydroxyl groups. 
Puckering of a saturated six-carbon ring may make the trans orientation of adjacent 
hydroxyl groups best suited to complex formation, whilst allowing complex formation 
by a cis conformation of hydroxyl groups in the 1,3,5-positions.°® Saturated five- 
carbon ring compounds have been found to require a cis conformation of hydroxyl 
substituents to allow complex formation. With hydroxyl groups on a cyclic substrate 
the effect on their conformation when the substrate departs from planarity is especially 
significant for ring sugars, polysaccharides and related natural products. In such cases 
the conformation of the hydroxyl groups is often more usefully expressed by the angle 
between the planes in which they lie relative to the carbon-carbon axis since this, unlike 
the customary cis and trans labels, includes the effect of ring distortions. Comparison 
of different results in such compounds is also complicated further by mutarotation. 

Among aromatic compounds complex formation by diphenols has been found to 
require adjacent hydroxyl groups in an ortho relationship, whilst in condensed aromatic 
systems complex formation is also possible for hydroxyl groups spanning the bridging 
site, e.g. in 1,8-naphthalene diol. It seems likely that in some cases reaction between the 
phenolate anion and boric acid contributes to complex formation involving phenolic 
hydroxyl groups. Studies of complex formation by nuclear substituted benzene 
derivatives have shown that an electronegative substituent favours complex formation, 
and this could well be because reaction with the tetrahydroxyborate anion and stabiliza- 
tion of the resulting complex anion may both be enhanced thereby. A single phenolic 
hydroxyl group may also participate with adjacent primary alcohol or carboxylic acid 
groups in the formation of a complex borate anion, and rotation about the carbon- 
oxygen bond may encourage a suitable disposition of the hydroxyl groups. Complex 
formation is also particularly marked with aliphatic a-hydroxycarboxylic acids whilst 
B-hydroxycarboxylic acids are apparently without action.? Hydration of the carbonyl 
group has been proposed as a contribution to this effect? and enol formation may also 
be involved, since only with a B-hydroxycarboxylic acid enol would bond rotation be 
able to produce the trans conformation of hydroxyl groups which disfavours complex 
formation. It is also generally accepted that enol formation is responsible for complex 
formation at low pH between boric acid and suitable carbonyl compounds, which may 
result in highly coloured products. 

Complex formation by boric acid with polyhydric alcohols and related compounds 
has been the subject of several general reviews” °°” which have also included a survey of 
the history of the effect and presented rationalizations involving structural considera- 
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tions.”’ 9°12 Reviews have also emphasized the use of complex formation for structural 
studies on the complexants®: % 12° °8 and have dealt with the structure of the complexes 
themselves.5° The formation of borate complexes from polysaccharides®® and from 
complexing groups as components or chemical constituents of biological materials has 
also been reviewed®? ®1, and an extensive survey of boric acid complexes and their 
isolation has been published.? 

Although as reactants the heteropolyacids and related inorganic compounds merit a 
separate treatment, the process of complex formation is formally analogous to that with 
organic complexants, since suitably orientated hydroxyl groups in the acid structure 
lead to the formation of a complex borate anion. The structure of the acids has been 
reviewed® and their reaction products with borates are treated later in this section. 


Reactants 
Aliphatic and Alicyclic Dihydric Alcohols 


The interaction of boric acid with dihydric alcohols leading to a complex anion 
containing four-coordinate boron may be complicated, since reactions resulting in 
borate esters (Section A17) can accompany or supplant complex formation®® °*, and 
there may also be formed borolane esters (equation 4) which can themselves give salts 
under suitable conditions. Examples of complex formation from boric acid and vicinal 
aliphatic and alicyclic diols have been restricted to 1,2- and 1,3-diols, despite a report 
of complex formation in an aromatic 1,4-diol system.®° In most cases complex forma- 
tion from these simple alcohols is relatively weak. 

As a result of comparative studies of the esterification and complexation of boric 
acid by several aliphatic 1,2- and 1,3-diols®* it has been noted that 1,3-diols favour the 
formation of neutral esters whilst 1,2-diols prefer to form complexes. This observation 
was rationalized®> by matching the stereochemistry of tetrahedral and trigonal 
boron with the ring structures resulting from the formation of complexes and esters. 
Trigonal boron present in the ester, for example, is best accommodated by the six- 
membered ring resulting from a 1,3-diol. 

Complex formation from boric acid and vicinal diols was evidenced at an early stage 
by electrical conductivity measurements made upon boric acid in the presence of 
glycols® °°, and it was also recognized from structural studies that neutral esters could 
be formed.*® 42 More recently complex formation from boric acid and several diols 
has been studied by an ion-exchange method leading to the determination of equili- 
brium constants for complex formation from ethylene glycol, propylene glycol, butylene 
glycol and glycerol.®’ Electrical conductivity measurements have also shown that 
methyl-substituted derivatives of glycerose, the oxidation product of glycerol, may form 
a complex with boric acid.°® Raman spectroscopy has been used to examine the forma- 
tion of 1:1 and 1:2 boric acid: diol complexes from several 1,2- and 1,3-diols®® and pH 
measurements have been used to determine equilibrium constants for the formation of 
borate complexes by several compounds including 1,2- and 1,3-diols*® (Table I). 
Ionization constants of the boric acid—ethylene glycol complex have also been obtained 
from spectrophotometric studies.’° In other work some 1,2- and 1,3-diols were separated 
by crystallization of their borate complexes.®? 

Generally, the simple diols show only low equilibrium constants for complex forma- 
tion with boric acid. For ethylene glycol and boric acid studies both of the deviations of 
physical properties from simple additivity’! and examination of the products after 
evaporation’ °* have shown that neutral esters may also be produced. The formation 
of complexes from boric acid and isomeric 2,3-butanediols has been examined**; and 
in a study of complex formation by several other diols Raman spectroscopy has been 
used to show that 1,2-ethanediol forms both 1:1 and 1:2 borate: diol complexes.®® A 
1:1 borate:diol complex has been prepared from pinacol’* and the formation of a 
neutral ester has also been established.’° Crystals of alkali-metal dipinacol borates have 
also been formed from the components in aqueous solution.’® The formation of salts 
of 1:1 borate complexes with cyclohexane- and cyclopentane-diol has been examined?? 
and the conformation of some five- and seven-carbon alicyclic diols has been studied 
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through the formation of borate complexes.1® Paper ionophoresis has been used to 
examine the formation of boric acid complexes from several cyclitols having a cis 1,2- 
diol grouping.’” More recently the formation of a borate complex by cis-3,4-dihydroxy- 
tetrahydrofuran has been studied by proton N.M.R.7® 


Table I.—Equilibrium Constants for the Formation of Boric Acid 
Complexes from 1,2- and 1,3-Diols 


Compound ky Reference 


~~ 
tb 


Ethylene glycol 
Propylene glycol 
2,3-Butanediol 


Phenyl-1,2-ethanediol 
3-Methoxy-1,2-propanediol 
Glycerol 

Catechol 
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Polyvinyl alcohol 
Pentaerythritol 


1,2-Ethanediol 
1,2-Propanediol 
1,3-Propanediol 
1,2,3-Propanediol 14-0 
L-2,3-Butanediol 37 
Meso-2,3-butanediol 27 
2-Methyl-2,3-butanediol 18 
2,3-Dimethy1-2,3-butanediol 11 
cis 1,2-Cyclopentanediol 26 
cis 1,2-Cyclohexanediol 1:0 
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Aliphatic and Alicyclic Polyhydric Alcohols 


General aspects of the reaction of borates with polyhydroxy compounds have been 
reviewed elsewhere.®” The formation of a glycerol—boric acid complex has been studied 
by pH measurements®?: ®? and the system has also been the subject of earlier investiga- 
tions.®? The alkali titration of boric acid in the presence of glycerol has been examined** 
and used to estimate a dissociation constant for the boric acid—glycerol complex.®® 
Titration studies have also shown the dependence of the acid properties of boric acid— 
glycerol mixtures upon the concentration of the latter8®, and the influence of tempera- 
ture and glycerol concentration on complex formation in this system has been examined.®” 
The phase diagram for the system boric acid—water—glycerol has been determined®® and 
refractive index and specific gravity measurements have been made on mixtures of these 
components.®? Differential potentiometric measurements have shown that at 25°C in 
boric acid and glycerol solutions containing potassium chloride (0-1M) the pK values for 
formation of complex acids of the type HBP and HBP, are respectively 7-45 and 7:19.9° 
In other work the absorption of glycerol by ion-exchange resins has been found to be 
increased by their treatment with boric acid.°!:°? Lanthanide salts of a boric acid— 
glycerol complex have also been formed and were precipitated from alkali solution by 
adding ammonia and acetone. 

It has been shown that concentrated equimolar solutions of boric acid and penta- 
erythritol may form a polymeric complex** and similar products have been formed by 
heating the solid components.°*’°> Chelation constants for the formation of 1:1 and 
1:2 borate:pentaerythritol complexes have been determined from potentiometric 
measurements.°° Preparative studies have also been performed for salts formed by 
borate—pentaerythritol complexes with alkali metals?” °°, ammonia®®, calcium®%’, stron- 
tium and barium?°° and zinc and cadmium.?° Nickel!°? and both cobalt and manga- 
nese?°? ammonia-containing salts of this complex anion have also been prepared. In 
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these studies thermogravimetric data have been recorded for the products and their 
structures have also been examined by infra-red spectroscopy?” 9° 1°1»1°2 and X-ray 
methods.?° 98:19 

A dialysis method has been applied to show that the reaction of boric acid and poly- 
vinyl alcohol leads to a 1:1 complex, and thermodynamic constants for its formation 
were obtained./°* The effect of boric acid upon the viscosity of polyvinyl alcohol has 
also been examined?°° and X-ray studies have been performed on the reaction of boric 
acid with solutions of polyvinyl alcohol?°® 1°” and with polyvinyl alcohol fibres.?°’ 
Polyvinyl alcohol and boric acid have been shown to give a characteristic blue coloura- 
tion in the presence of iodine.*°®1°° Absorption bands for this system have been 
studied?1° 111 and there is evidence that a borate—-iodine complex is involved.'11 

Complexes formed by boric acid with 2-methyl-2-(hydroxymethy]l)-1,3-propanediol 
have been studied?12:+1° and sodium and barium salts of the complex of boric acid with 
2,2-bis-(hydroxymethyl])-3-methyl-1-butanol have been prepared.*!* In other work 
Group IA metal?+* 721% +17 and Group IIA metal??® 118 salts of a complex of boric acid 
with 2-ethyl-2-methylol-1,3-propanediol have also been prepared and examined. The 
formation of boric acid complexes by some cyclitols having cis-1,3,5-hydroxy groups 
has been studied°® and equilibrium constants for the formation of boric acid complexes 
with several quercitol and inositol isomers were measured. For cis-inositol the equilib- 
rium constant for the formation of a 1:1 borate complex was found to be 1:1 x 10°.°° 
Complex formation between boric acid and scyllitol has also been studied.11% 17° 


Sugars and Sugar Alcohols 


The literature contains many reports of both quantitative and qualitative studies of 
the formation of complexes by borates with sugars and sugar alcohols. Where equilib- 
rium constants have been determined for complex formation they show some variation 
for different experiments and this is particularly in evidence for mannitol, the single 
compound which has received most attention. To a large extent these differences are due 
to variations in ionic background, mutarotation and isomerization of the sugars studied. 
They also reflect the simplifying approximations necessary for the calculation of 
complexation equilibrium constants from experimental data. 

Equilibrium constants for the formation of borate complexes by a range of sugars 
have been obtained from pH measurements®® 121: 122; 128,124 and values have also been 
calculated from paper ionophoresis experiments'2° (Table II). The influence of some 
sugars on the dissociation of boric acid has been studied??® !2” and pH and conductance 
measurements have been made upon boric acid in the presence of several sugar alcohols 
and their anhydrides.1?® Studies have also been made of the effect of boric acid upon 
the optical rotation of complexing sugars.1?° In other work the pH, ultra-violet 
absorption and titration curve of boric acid in the presence of sugars has been studied.?°° 
The neutralization curves of boric acid in the presence of mannitol and fructose have 
been examined®®: 8° and pH measurements have been made upon boric acid containing 
hexose sugars.+%!’1°2 Results have been presented for the potentiometric titration of 
boric acid in the presence of several sugars.+?°:1%* The chelation of boric acid by some 
pentose??> sugars has been studied and polarographic reduction has been used to 
examine the formation of a fructose—boric acid complex.1°® Equilibrium constants 
have also been obtained for the formation of boric acid complexes from hexose sugars, 
and the corresponding thermodynamic functions 4G°, AH° and 4° have been cal- 
culated.*®” In other quantitative studies of a range of hexose sugars it was found that 
the 1:2 borate:sugar complex predominated®® 17°, and complexes from hexoses and 
ketohexoses were found to be more stable than those from the aldohexose and aldo- 
pentose sugars examined.®° These results were related to the sugar structure and the 
possibility of lactol formation.®° More recently 71B N.M.R. spectroscopy has been used 
to determine the ring size of complexes formed from boric acid and several sugars.'*® 

A phase diagram has been obtained for the system boric acid—sorbitol-water?*? and 
pH measurements have been used to calculate equilibrium constants for the formation 
of boric acid complexes by sorbitol and mannitol.1*° Alkali-metal and alkaline-earth 
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Table I.—Equilibrium Constants for the Formation of Boric Acid 
Complexes from Sugars 


Sugar Ke ke ky ke Reference 
Arabinose — — — 1-45 x 10+ 
Fructose — — — 2°75 x 108 
Galactose _— — — 1-41 x 10° 
Mannitol — — — 2:75 x 10° 
Xylose — — _ 1:58 x 10% (121) 
Mannitol — — 5:60 x 10? 1-16 x 10° 
Fructose — — 6:90 x 10? 0-83 x 10° (122) 
d-Galactose 1:64x10-7 1:94x10-7 
d-Glucose 87x 108" 5-74 X10" 
d-Mannose — 2:63 x 1075 
d-Fructose 3:75x10°-® 8-67x10~° (123) 
D-Ribose — 1-570 x 10” 
p-Arabinose — 1-892 x 108 
L-Arabinose — 3-565 x 10° 
p-Xylose : — 1-016 x 10% 
D-Lyxose 6:°607 x 10+ — (135) 
d-Fructose 3°84x10-* 1:02x1075 
d-(+)-Glucose 9350281079 2533107 
d-(— )-Mannitol 1:00x10-* 1:29x10-5 (124) 
D-Fructose 3:0 x 10° 1:24 x 10° 
D-Galactose 1-75 x 10? 4-28 x 10? 
p-Glucose 1:50 x 10? 7:60 x 10? 
p-Mannose 1-02 x 102 4:58 x 10? (137) 
p-Mannose 50 4:9 x 10? 
D-Glucose 80 7:7 x 10? 
L-(+ )Arabinose 1:3 x 10? 6:75 x 102 
D-(+ )-Galactose 1:27x-10? 2:98 x 10? 
Fructose — 9-50 x 10% (48) 
a-D-Glucose 1:35 x 10? 8-70 x 10? 
p-Mannitol 1:10 x 10? 1-37 x 108 (79) 
L-Rhamnose — 4-093 x 10? 
p-Galactose — 2:427 x 10? 
D-Glucose — 7:178 x 102 
p-Arabinose — 1-892 x 10° 
L-Arabinose — 3°565 x 10° 
D-Xylose a 1-016 x 10% 
pD-Mannose — 3:289 x 104 
D-Fructose — 1-084 x 10° 
L-Sorbose — 6:266 x 10° 
p-Mannitol — 8-241 x 104 
p-Dulcitol — 1-690 x 10° 
D-Sorbitol a 4-436 x 10° (80) 


metal salts of borate xylitol complexes have been prepared?*? 142 143-144 and have been 
characterized by infra-red and thermogravimetric measurements. Similar studies have 
been made of the formation of boric acid complexes with dulcitol.1*®° The thermal 
reaction product of solid boric acid with xylitol has been studied?*® and conductivity 
measurements have been reported for complexes of boric acid with xylitol, arabitol 
and adonitol.'*” The effect of sugar alcohols and their anhydrides on the dissociation 
of boric acid has been studied++®: 149 and the anhydrides were found to be less effective 
that the corresponding alcohol.'*® Titration curves have been recorded for boric acid 
in the presence of mannitol+°°, sorbitol and sorbitan?*+ and mannitan*® in investigations 
of complex formation, and pH measurements have been made for boric acid on the 
formation of a complex with erythritan.1°? A study of the evaporation of ammonia in 
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the presence of boric acid and complexing sugars has demonstrated that they compete 
with ammonia for reaction with boric acid***, and the reaction of boric acid with sugars 
has been the subject of a general review.*® 

Mannitol was one of the earliest-studied complexants for boric acid?5* and initial 
studies used chemical techniques to examine the composition and hydrogen ion con- 
centration in the system.*®° The stoichiometry of the boric acid—mannitol system has 
been examined more recently by using conductivity measurements*® and the potentio- 
metric method*® °°, and equilibrium constants for complex formation were obtained 
from these studies. An examination of the borate-mannitol system using dilatometry 
has also been reported.+®” Reports that the borate-mannitol complex is not formed from 
boric acid in the absence of sodium hydroxide*® and that lithium metaborate may be 
favoured over boric acid as a reactant?5® both confirm the involvement of the tetra- 
hydroxyborate anion in complex formation. Other work on the boric acid—mannitol 
system has confirmed that even using a large molar excess of mannitol complex forma- 
tion may not readily be detected with the boric acid concentration present in seawater.1°? 

Quantitative studies of complex formation by boric acid with mannitol have been 
reviewed and literature values of appropriate equilibrium constants have been sum- 
marized.1®° The equilibrium constants reported by different workers are shown in 
Table III. The equilibrium constant for complex formation between boric acid and 
mannitol has been found to be proportional to the half power of the ionic strength of 
the solutions involved?®! and in other work?®° reported equilibrium constants*! were 
corrected to infinite dilution and showed good agreement with the values obtained in a 


Table I1I.—Constants for the Formation of Boric Acid 
Complexes from Mannitol 
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® For d-(—)-mannitol. 
» Values from Ref. 41 adjusted to zero ionic strength. 
° At zero ionic strength. 


definitive study of the boric acid—mannitol—water system.'®? This latter study has also 
confirmed that both 1:1 and 1:2 borate: mannitol complexes may be formed, and other 
data?®? have been shown?* to be consistent with this result. The composition of the 
borate—mannitol—water system has also been examined by an ion-exchange technique 
where the distribution of boric acid between an ion-exchange resin and aqueous man- 
nitol was determined in relation to the concentration of the latter.1°° Raman spectros- 
copy of aqueous solutions of boric acid and mannitol has also shown that both 1:1 and 
1:2 borate: mannitol complexes may form?*® and the composition of these mixtures 
has been the subject of investigations using potentiometry and polarimetry+®’, cryos- 
copy?5®, osmotic coefficient measurements?*®, and the calorimetric determination of 
heats of neutralization of the complexes.?®? Equilibrium constants for the formation of 
boric acid—mannitol complexes have been determined from potentiometric measure- 
ments!7° by a calculation method which uses the apparent ionization constant of boric 
acid in the system when successive complexation equilibria are expressed in terms 
of a net equation.?®! This potentiometric method has also been used to determine the 
thermodynamic functions 4H°, 4G°, and 4S° for the formation of complexes from boric 
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acid and mannitol.1”! The equilibrium constant for the formation of a 1:2 boric acid: 
mannitol complex has also been obtained from pH measurements on solutions con- 
taining these two reactants*’, and the dissociation constant for a boric acid—mannitol 
complex has been obtained from other titration studies.” The 1:1 complex of boric 
acid with mannitol has been isolated from an aqueous mixture of the components!72 
and a crystalline product was obtained from the reaction of mannitol and metaboric 
acid in acetone.*’* Complex products have also been isolated and studied from the dry 
heating of mannitol and boric acid.+”® 

Measurements have shown an increase in the electrical conductivity of boric acid in 
the presence of «- and 8-p-glucose, and several glucosides1”®, indicating complex forma- 
tion. Boric acid has also been found to decrease the optical rotation of glucose in 
aqueous solution’”” and other optical rotation and titration studies have indicated that 
the borate-glucose complex is stable only over a limited pH range.?”® Optical rotation 
measurements have also shown that the borate complex of phenyl-8-p-glucopyranoside 
exists only in alkaline solution.’’® A crystalline borate complex of pD-glucose-5,6- 
carbonate has been prepared’® and in the same work N.M.R. studies have indicated 
that the formation of a borate complex by 5-O-methyl-p-glucose proceeds with a 
pyranose into furanose conversion.’® The formation of borate complexes by several 
osazone derivatives of D-glucose has also been studied.1®° It has been reported that 
borate hinders the reaction of glucose with acetone?® and this may be due in part to 
the formation of a borate-glucose complex. It is also possible that complex formation 
makes a contribution to the observed stabilization of glucose during its thermal 
polymerization in the presence of metaboric and orthoboric acids.*® 


Oligosaccharides and Polysaccharides 

The reaction of boric acid with polysaccharides has been reviewed®” 183 and particu- 
lar attention has been given to the higher molecular-weight polysaccharides with which 
complex formation leads to gelling.®° Even at low excess concentrations, highly poly- 
merized polysaccharides having adjacent cis hydroxyl groups, e.g. mannan, galacto- 
mannan and polymannuronic acid, have been observed to form gels with borax.+8? 
Gel formation is a consequence of cross-linking by complex formation and hydrogen 
bonding acting together and has been shown to be prevented by acid pH and to be 
reversed by the presence of low molecular-weight complexants competing for the 
borate.1®? Complex formation with boric acid has allowed studies of the structure of 
polysaccharides?®* and has been exploited for separating the component sugars of a 
polysaccharide by electrophoresis.1®° In other work the interaction of boric acid with 
amylose has been examined by gel filtration and an association constant calculated.?®® 

In some early studies it was found that the disaccharide B-lactose gave an increase in 
the conductivity of boric acid solution, characteristic of complex formation, whilst a- 
lactose did not.2* The absence of a conductivity increase with this latter compound, 
and with the disaccharides maltose and melibiose, was ascribed to the conformational 
lability of their pyranose forms.?* Acidity measurements have given some evidence for 
complex formation by boric acid with sucrose!®” and the formation of borate com- 
plexes by the isomaltose series of polysaccharides has been examined in chromato- 
graphic studies?® 1! which indicated that melibiose but not maltose forms a borate 
complex.1? In other work the formation of borate complexes has been used to effect the 
chromatographic separation of several oligosaccharides on a column ofa dihydroxyboryl 


( B(OH),) substituted polymer.1®* 


The tetrahydroxyborate anion has been reported to combine with cellulose?®® and it 
has also been reported that cellulose increases the acidity of boric acid in aqueous 
solution.'?° Studies of the formation of a borate complex by cellulose may however be 
complicated by the presence of sugars (e.g. mannose) therein.19+ Treatment of cellulose 
with saturated boric acid solution followed by heating gave cellulose containing a 
slightly higher boron loading than that for the appropriate 1:1 complex, and the 
product was reported to be stable under acid conditions.'? 
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Glycosides 


An outline of the interaction of aqueous borate with some nucleosides and nucleo- 
tides has been included in a review of borate—polyhydric alcohol compounds of bio- 
chemical interest.°? Potentiometric measurements have shown that inosine and uridine, 
as well as D-ribose, form 1:2 complexes with boric acid, and formation constants were 
found to be 2-63 x 10°, 4-79 x 108 and 1-02 x 10°, respectively.?°? Electrical conductivity 
and viscosity measurements have shown that a 2:1 glycoside: borate complex is also 
formed in the gelled mixture of boric acid, sodium hydroxide and guanosine.?** In other 
work a monobasic acid complex has been prepared from boric acid and the cymarose 
glycoside g-strophthanthidin.*°° Other complex N-glycopyranoside salts have been 
prepared from the reaction of boric acid and an amine with D-mannose,?*° and with 
p-ribose!®”, but a product of this type was not obtained from D-glucose.?9° A column of 
ion-exchange resin loaded with boric acid has been used to effect the separation of 
several ribose nucleosides.‘°® More recently the formation of borate complexes has 
been examined and exploited for the chromatographic separation of several nucleo- 
tides.199 200 


Vitamins and Enzymes 


A survey of the interaction of boric acid with vitamins has been included in a review 
of the reaction of boric acid with substances of biological interest.*1 In early studies it 
was found that boric acid acted to stabilize the activity of vitamins A, B and C toward 
heating and this may be a consequence of complex formation.?°+ A complex formed 
from boric acid and vitamin Bg has also been proposed as the species most likely to be 
formed from borate in plant tissues.2°? At low concentrations boric acid has been found 
to promote the synthesis of ascorbic acid during seed germination.?°° In other studies 
boric acid has been reported to increase the amount of dehydroascorbic acid produced 
from the oxidation of L-ascorbic acid and this may also be a consequence of complex 
formation acting to stabilize the product.?° 

Reports have appeared of the conditions and pH ranges appropriate to the formation 
of both 2:2, 2:1 and 4:2?°° and 1:27°° borate:ascorbic acid complexes. The calcium 
and barium salts of these 2:1 and 1:1 complexes have been prepared from aqueous 
solution?°” and a cobalt tetra-amine salt of the 2:2 complex has been reported to be 
obtainable similarly as a plastic solid.2°® Alkali-metal salts of 2:4 borate: ascorbic acid 
complexes have also been prepared.?°* 71° 

Riboflavin (Vitamin Bz) has been found to form a water-soluble compound on ad- 
mixture with boric acid?1? 21? and borax has been found to exert a strong influence on 
the optical rotation of riboflavin in alkaline solution.?/? Thiamine (Vitamin B,) in 
aqueous solution has also been found to be stabilized by the presence of borate.?1* 
Pyridoxine (Vitamin Bg), which contains a saligenin-diol grouping, has been found to 
form an addition compound with boric acid in the presence of hydrochloric acid.?15 
The formation of a 2:1 borate: pyridoxine complex has also been established in other 
work??® 217, and the structure of this complex has been examined by comparative thin- 
layer chromatography.??® 

Although the possibility of borate complex formation with any organic derivative 
bearing suitably orientated hydroxyl groups must be recognized, the literature contains 
no substantiated report of complex formation by boric acid with proteins as such. The 
effect of boric acid upon the activity of enzymes has been reviewed®! and the topic is 
not treated in detail here. Although some inhibitory effects may be ascribed to the for- 
mation of a borate complex with either the enzyme or the polyhydroxy substrate in- 
volved, they may also arise from other interactions. Complexing functions present as 
constituents or components of enzymes may also fall into those classes which have 
been treated separately. There is a recent report that several enzymes may be made 
insoluble in water by complex formation with boric acid bound ona polymer support.??9 


Miscellaneous Natural Products 
Boric acid has been found to give a fluorescent colour reaction with several flavonols 
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in the presence of oxalic acid, and complex formation indicated by this effect has been 
proposed as responsible for the relatively high boron content of plants which contain 
flavonols.?2° A crystalline product was obtained from the reaction of boric acid and 
oxalic acid with the flavone quercetin in the presence of glacial acetic acid.?21 Other 
preparative and spectrophotometric studies have been made upon complexes formed in 
the presence of oxalic acid and boric acid from flavones, flavonols and chalcones.?2? A 
spiran structure with boric acid linked to the flavonoid oxygen via oxalic acid ligands 
was indicated for these species.?22 Boric acid has also been found to give a batho- 
chromic shift in the spectrum of flavonoid compounds containing an ortho dihydroxy] 
grouping.?2° 

A 1:1 complex has been found to be formed from boric acid with hydroxyl groups on 
the macrocyclic lactone ring of the antibiotic erythromycin?**, and this has been used 
in a purification procedure for erythromycin.?”° Several cis-«, B-dihydroxy steroids have 
also been purified by formation and decomposition of a borate compound??® 227 which 
has been reported to contain two steroid molecules and one tetrahedral boron atom.?7° 


Aromatic Compounds 


The formation of borate complexes has been observed with aromatic compounds 
having two or more adjacent phenolic hydroxyl groups, and with compounds where a 
phenolic group is adjacent to a carboxyl group, a carbonyl group or a side-chain 
hydroxyl group. Of the diphenols, catechol and derivatives have been subjected to most 
study, and stereochemical aspects have received attention.??® Equilibrium constants 
determined for the formation of boric acid complexes by catechol and some derivatives 
are summarized in Table IV. These values are generally high since in addition to the 
reaction scheme normally considered for polyhydric alcohols (equations 1, 2, 3), 
reaction of the catecholate anion with boric acid may also be responsible for complex 
formation. In some early work several salts of boric acid—catechol complex anions were 
isolated as precipitates from solutions of their components but it was found that the 
corresponding acids could not be isolated in the presence of water.?° Catechol is 
apparently the only compound which gives a dialkoxy diol borate complex? 229 
(PB(OR)z ), and its formation has been supported by ultra-violet absorption studies of 
pyridine salts of catechol—borate complexes.?°° Other work on the catechol—boric acid— 
water system has indicated that formation of a 1:1 complex is favoured over the for- 
mation of a 1:2 catechol: boric acid complex?*', and it has been confirmed that the 
stability of a catechol boric acid complex falls with increase in the proportion of 
catechol therein.?°? In other work alkali-metal and amine salts of borate—catechol 
complexes have been prepared by crystallization from aqueous solution?® 2% 23%: 234 and 
by heating the appropriate reactants.?°° 29° Salts of a borate complex with catechol 
bearing a nitro-substituent have also been prepared?**, and coloured complexes formed 
by boric acid with 4-phenylazo catechol derivatives in alcohol solution have been used 
in the detection of boron.?%”: 23° Hydrolysis of tripyrocatechol diborate in the presence 
of a base has been reported to give the appropriate salt of a complex dipyrocatechol 
boric acid, whilst catalytic hydrogenation of this product gave cis-cyclohexanediol.?°° 

Equilibrium constants for the formation of borate—-catechol complexes have been 
obtained from potentiometric measurements.?*° It was reported that only 1:1 borate: 
catechol complexes were obtained and their formation was encouraged by substituents 
increasing the acidity of the diphenol.?*° Spectrophotometry has also been used with 
potentiometric measurements to establish a correlation between stability constants for 
borate-catechol complexes (BP) and the acidity constants of the corresponding sub- 
stituted catechols.?*1 Stability constants for the 1:1 boric acid:catechol complex of 3- 
and 4-nitropyrocatechol have been obtained by spectrophotometry”*?, from polaro- 
graphic studies?** and from potentiometric measurements.?** In the latter work only a 
1:1 complex was found for a concentration of catechol less than or equal to 4 x 107 °M. 
Other potentiometric measurements have shown that 1:1 and 1:2 boric acid:catechol 
complexes may be formed, and equilibrium constants for their formation were deter- 
mined together with the thermodynamic functions 4H°, 4G° and 4S°.?4° 
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Table IV.—Equilibrium Constants for the Formation of Boric Acid 
Complexes from Aromatic Compounds 


ki ky ky ko Reference 

2,3-Dihydroxynaphthalene 7:94x10~° — 1:24 x 10° — 
2,3-Dihydroxynaphthalene- 

-6-Sulphonic acid 9:02 x 10-° — 1-41 x 10° — 
Catechol 6°61 x 10-° — 1:03 x 10+ — 
Catechol monosulphonic acid 1-84 x 107° — 2°88 x 104 — 
Pyrogallol 4:42 x 107°» —— 6:91 x 10°° — (240) 
3-Nitrocatechol 3°47 x 10"* - 
4-Nitrocatechol 1:74x 10-4 — : 
3,5-Dinitrocatechol 2:24 x 10-? _ (242) 
Protocatechualdehyde 1-118 x 10-4 (250) 
Salicylic acid (anion) 21-7 — — — (279) 
L-Noradrenaline 1-802 x 10° 
DL-Noradrenaline 1:298 x 10-° (298) 
3,4-Dihydroxybenzoic acid 9-70x10~° — (299) 

(dianion) 
Pyrogallol 8-846x10°& 4x1075 (257) 
3,4,5-Trihydroxybenzoic 1:366 x 10-° -— (258) 

acid (anion) 
2,3-Naphthalenediol 9:722 x 107° — (265) 
2,3-Naphthalenediol STIS scl OR? — (267) 
-6-Sulphonic acid 

(anion) 1-731 x 10-44 — (266) 
3-Nitrocatechol 2°88 x 10-4 — 
4-Nitrocatechol 1:02 x 10-4 — (243) 
Catechol — — 9-376 10% 1:832x10* (245) 
Catechol 7-41 x 10-6 — 1:16 x 104 — 
4-Chlorocatechol 1:35x 1075 — 2:11 x 10? a 
4-Chloroacetylcatechol 4-47x 107° — 6:98 x 104 — 
4-Nitrocatechol 1:23 x 10-4 — 1-92 x 10° — 
Tetrachlorocatechol 7:94 x 10-4 — 1-24 x 10®° — (241) 


@ For solutions having a molar excess of boric acid to complexing organic. 
>» Mean of two cited values. 

© Calculated for comparison using k, for boric acid=6-40 x 107 7°. 

¢ Corrected to zero ionic strength. 


Sulphonation of catechol has been found to increase its equilibrium constant for 
formation of a borate complex in the case of catechol-4-sulphonic acid?*° and catechol- 
3,5-disulphonic acid?*®, and this may be due to the sulphonate group increasing the 
acidity of the diphenol and acting to stabilize the complex borate anion. A potentio- 
metric study of the formation of a borate complex by adrenaline has shown that a 1:1 
complex predominates”*”, and the formation of a borate complex by the catecholamine 
noradrenaline has been studied quantitatively by the potentiometric method.?*® Equi- 
librium constants have also been obtained for the formation of boric acid complexes by 
3,4-dihydroxybenzoic acid?*? and the corresponding aldehyde derivative of catechol, 
protocatechualdehyde.?°° Complex formation by boric acid with these compounds and 
similar derivatives of pyrogallol has also been studied by ultra-violet spectroscopy and 
ion-exchange effects.?°1 

Electrical conductivity measurements?°?-?°* and pH determinations?°> have indicated 
that boric acid may form highly ionized complex acids with polyphenols, e.g. pyrogallol 
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and catechol tanning extracts, and titration studies have shown that 3,4,5-trihydroxy- 
benzoic acid (gallic acid) may form a borate complex.?°* The potentiometric method 
has been used to determine equilibrium constants for the formation of boric acid 
complexes by pyrogallol?°’ and gallic acid?°® and in both studies 1:1 complexes were 
found to be preferred. Boric acid has also been reported to form complexes with the 
phenolic compounds occurring in natural vegetable tanning materials?°® and particu- 
larly with tannins containing gallic acid, ellagic acid and glucosides?®° and quebracho 
or valonia tannins.?°* Boric acid has also been found to form a complex with hydroxy- 
hydroquinone, and an equilibrium constant and a rate constant for the dissociation of 
this product have been reported from chronopotentiometric studies.?° 

The solubility curve of the system cis-tetrahydronaphthalene-1,2-diol—boric acid— 
water at 25°C has been determined?®* and both tetrahydronaphthalene-1,2- and -1,3- 
diol have been found to increase the electrical conductivity of boric acid solutions.2® 
Complex formation by boric acid with 2,3-naphthalene diol?®° and 2,3-dihydroxy-6- 
naphthalenesulphonic acid?®* has been studied quantitatively. It was found that forma- 
tion of a 1:1 boric acid: diol complex was preferred, particularly in the case of the sul- 
phonated diol, and that the equilibrium constant for complex formation was also in- 
creased through the sulphonation. Other work on these complexants is in agreement 
with the equilibrium constant for complex formation from 2,3-naphthalene diol?*° but 
indicates a smaller equilibrium constant for formation of a borate complex from the 
corresponding sulphonate anion.?*® 2°” Boric acid has been found to form both 1:1 
and 1:2 borate:diol complexes with 4,5-dihydroxy-2,7-naphthalenedisulphonic acid 
(chromotropic acid) in dilute solution at acid pH?°®, and stability constants have been 
determined for the formation of 1:1 and 1:2 borate: diol complexes from 2-bromo- and 
2,7-dibromochromotropic acid.?®° At acid pH boric acid has also been found to form a 
coloured complex with the disodium salt of 3-(p-nitrophenylazo)-chromotropic acid.?”° 

Spectrophotometric studies have shown that boric acid may form coloured complexes 
with dihydroxy anthraquinones and complex formation by boric acid with 1,2-di- 
hydroxyanthraquinone (alizarin)?"1 and its sulphonated derivatives?’?’?7* has been 
examined. An optimum pH of 8 was reported for complex formation.?"! The reaction 
between the complex formed by sulphonated alizarin (alizarin S) and lanthanide ions 
has been ascribed to replacement of boron therein?’?’2"*, although formation of a 
lanthanide salt of the complex anion is a further possibility. In the presence of sulphuric 
acid boric acid has also been found to form coloured complexes with alizarin?’> and 
1,5-diamino-4,8-dihydroxyanthraquinone?’¢ and the colour reaction of boric acid with 
some naphthaquinones and anthraquinones in the presence of citric acid has been 
examined.?7” 

Aqueous solutions of boric acid have been shown to undergo a large increase in 
electrical conductivity in the presence of salicyclic acid?”°, and a dissociation constant 
of 4:6 x 10-2 has been reported for the 1:1 complex of boric acid with salicylic acid.279 
From other studies of the formation of 1:1 and 1:2 borate:salicylic acid complexes it 
was concluded that in addition to the salicylate anion the free acid must be present for 
formation of the 1:2 complex.?®° The ultra-violet absorption spectrum of p-amino- 
salicylic acid in the presence of borax also shows bathochromic shifts that may be 
ascribed to the formation of borate complexes.?8! The formation of 1:1 and 1:2 boric 
acid: salicyclic acid complexes has been studied potentiometrically and the 1:1 complex 
was found to predominate at pH 2-4.?°? Stability constants for the formation of boric 
acid-salicylic acid complexes have been determined by infra-red spectroscopy?®*? and 
the reduction of these complexes has been examined by polarography.*°8* Thermal 
conductivity measurements have been used to study the formation of a 1:1 boric acid: 
p-aminosalicylic acid complex.?®° Quaternary ammonium salts of boric acid complexes 
with salicylic acid and hydroxynaphthoic acid have been obtained as crystalline pro- 
ducts?8° and several metal salts of salicylic acid—boric acid complex anions have been 
prepared.?°’ Salts formed by this same anion with tetra- and hexa-ammine complexes 
of cobalt, nickel and chromium have also been isolated.2°® The formation of a mixed 
copper borate-salicylate anion has also been studied.?°° 

Electrical conductivity measurements have indicated that 2-hydroxybenzyl alcohol 
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(saligenin) may form a complex with boric acid?9° and alkali-metal salts of this 
complex anion have been prepared from the synthesis of saligenin derivatives in the 
presence of boric acid or sodium metaborate.?91~29? More recently the formation of a 
boric acid—saligenin complex has been studied by 1B N.M.R. spectroscopy.®° 


Carbonyl Compounds; Aldehydes, Ketones, Keto- and Dicarboxylic Acids 


The diketone glyoxal has been found to form a complex with the tetrahydroxyborate 
anion, and a value of 2:8 x 10° for the association constant of glyoxal with this borate 
anion was reported.?°* Polarographic studies have also shown that a 1,2-diphenyl- 
ethanedione (benzil or diphenyl glyoxal) gives a 1:2 complex with boric acid and both 
equilibrium and rate constants were reported for the reaction leading to its formation.?9° 
Boric acid has been shown to react with curcumin in the presence of a mineral acid to 
give a coloured 1:2 boric acid: curcumin complex (rosocyanin) which was isolated.?°° 
In the presence of oxalic acid curcumin forms a further complex with boric acid?9”: 798 
which contains equimolar proportions of boric acid, curcumin and oxalic acid.?°’ The 
structure of this product (rubrocurcumin) has been assigned?9”’ by comparison with the 
structure of rosocyanin?°° and subsequent work has confirmed these structures for 
rosocyanin?%? and rubrocurcumin.?9°: °°° Infra-red spectra have been recorded for both 
complex products®°®! and dissociation constants of boric acid—curcumin chelates have 
been measured.°°? The formation of a coloured curcumin complex has been used for 
the determination of micro amounts of boron and interference with this colour reaction 
has been observed from the presence of other complexing agents, e.g. mannitol.?°° 
Mixed borate complexes formed from diketones and carboxylic acids or their anhydrides 
have also been reported.°°* In other studies visible spectroscopy has indicated that at 
low concentrations and in the pH range 4-5-8-0 the aromatic ketone 9-(p-nitrophenyl)- 
fluorone forms a 1:1 complex with boric acid.?°° 

Several o-hydroxycarbonyl compounds have been found to give a melting-point 
depression on admixture with boric-acid and this has been ascribed to compound for- 
mation.°°° In other work colour reactions observed with boric acid in the presence of 
sulphuric acid and hydroxy- and amino-anthraquinones®°” and a range of other 
hydroxycarbonyl compounds?”” were ascribed to the formation of borate esters.?°° 
Despite the possible conversion of a hydroxycarbonyl compound to the enol form at 
acid pH it has not been conclusively shown that formation of a borate complex by this 
derivative is responsible for the colour reactions described. 

Electrical conductivity measurements have indicated that a-keto carboxylic acids 
may form complexes with boric acid. Pyruvic acid has been found to produce a large 
increase in the conductivity of boric acid®°° and the effect has been attributed to com- 
plex formation after hydration of the carbonyl group. Further studies of the keto 
acids having no hydrogen atoms in the @-position to the carbonyl group and with which 
enol formation is therefore impossible have supported this interpretation. In particular 
conductivity increments were observed for boric acid with trimethyl pyruvic acid??° 12 
and phenyl glyoxylic acid.+?’ 313 Conductivity increments with these compounds were 
however less than those for equivalent concentrations of pyruvic acid. It has also been 
observed that B-keto acids form 1:1 complexes with boric acid and the products ex- 
hibited strong ultra-violet absorption.*!* Boric acid has also been shown to form a 
complex with some y-pyronecarboxylic acids.**° Complex formation by boric acid with 
chelidonic, meconic and comenic acids has been attributed both to enol formation and 
to hydration of the carbonyi group.?'° A dissociation constant of 4x 10~? has been 
reported for the complex of boric acid with meconic acid.?”° Neutralization curves 
obtained for mixtures of boric and oxalic acids have also indicated that complex forma- 
tion occurs*?® 317 and this has been supported by a study of the solubility of boric acid 
in aqueous solutions of oxalic acid.?18 


Hydroxycarboxylic Acids 


Complex formation has been observed for boric acid with hydroxy-acids ranging 
from the simple mono-hydroxy monobasic acids, e.g. lactic acid, to the mono- and 
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poly- basic polyhydroxy-acids. In the latter class of compounds particular attention 
has been given to tartaric acid, trihydroxyglutaric acid and acids derived from the 
partial oxidation of complexing sugars. The carboxylic hydroxyl group necessarily 
participates in complex formation by a monohydroxy-acid whilst with a polyhydroxy- 
acid participation of this hydroxyl group in complex formation is generally encouraged 
by low pH. Early studies examined the increase in the electrical conductivity of boric 
acid as a consequence of complex formation from a range of hydroxy monocarboxylic 
acids.°*9 15» $20.9 Tn contrast to the a-hydroxy carboxylic acids it was found that several 
B-hydroxy carboxylic acids were without effect upon the conductivity of boric acid.319° 
It was initially suggested that the effect of «-hydroxy carboxylic acids was due to hydra- 
tion of the carboxylic carbonyl group*1®’® and the ineffectiveness of the B-hydroxy 
acids was ascribed to repulsion between hydroxyl groups in the B-position and on the 
hydrated carbonyl group.? Comparison of the structures of these acids also shows that 
the six-membered ring present in a borate complex formed from the B-hydroxy acid is 
non planar, and this may be the dominant influence inhibiting complex formation. It is 
also possible that the enol form of the acid contributes to complex formation, since only 
with a -hydroxy-acid could bond rotation result in a conformation that disfavours this 
interaction. Attention has been given to steric effects in the formation of borate com- 
plexes from cyclic hydroxy-acids.+® 

From electrodialysis studies??! and potentiometric titration®?? it has been shown that 
boric acid may form complex anions of the type BP~ and BPs with lactic acid. Electri- 
cal conductivity and ion exchange studies have also been reported to indicate the forma- 
tion of a 2:3 boric acid: lactic acid complex.?2* Equilibrium constants have been esti- 
mated for the formation of boric acid—lactic acid complexes.°2+ Two types of complex 
were observed, with their deprotonated forms predominating at increased pH. Potentio- 
metric titration studies have also been used to derive an equilibrium constant for forma- 
tion of a 1:1 boric acid: lactic acid complex.°2° Electrical conductivity increases as a 
consequence of complex formation have also been observed for boric acid in the pres- 
ence of «-(1,1)-hydroxy cyclic acids containing from four to eight carbon atoms.?®: 17: 326 
Conductivity titrations and viscosity and cryoscopic measurements have indicated that 
boric acid forms 1:1 and 1:2 complexes with mandelic acid®?” and an equilibrium 
constant of 3-02 x 10° has been obtained for formation of the 1:1 complex.?28 In other 
work it has been reported that boric acid may form a 1:1 complex®?? and ester?®° with 
stearic acid substituted by two to four hydroxyl groups, and the formation of a 1:1 
complex has been supported by infra-red studies.°*+ Boric acid has been shown to form 
a complex with malic acid in solution®*? and more recently the crystal structure of 
potassium boromalate monohydrate has been examined.??? 

Optical rotatory dispersion measurements at controlled pH have shown that boric 
acid forms a 1:1 complex with tartaric acid.?** The equilibrium constant for its forma- 
tion was determined and acid dissociation of the complex was found to occur above 
pH 4. The formation of boron-containing complexes from tartaric acid was also sup- 
ported by phase diagrams for the systems sodium pentaborate-sodium bitartrate— 
water??> and Na,O-B.O3;-tartaric acid—water®*® and by the behaviour of tartaric acid 
on titration in the presence of boric acid.??” Conductance and polarimetric measure- 
ments have shown that in mixtures of sodium tartrate with sodium metaborate or 
borax, 1:1 complexes with a boron:tartrate ratio of 1:1 or above may form.??® 
Evaporation of aqueous solutions of tartaric acid and boric acid has been used to form 
1:1 and 2:1 borate: tartrate complex acids, and pH and conductivity measurements on 
the products were used to determine their dissociation constants.°°° The structure of the 
isomers of tartaric acid has been examined by electrical conductivity measurements in 
the presence of boric acid**° and other conductivity and cryoscopic measurements have 
indicated that in aqueous solution boric acid forms both a 1:1 and a 1:2 borate: tartrate 
complex with the hydroxyl groups of fully ionized tartaric acid?*!; on dilution the boro- 
ditartrate dianion loses one molecule of tartaric acid. Solubility measurements for boric 
acid in the presence of tartaric acid have also shown that the acids interact in a 1:1 and 
1:2 borate: tartrate ratio®*? and optical activity studies have confirmed the formation 
of complexes of this stoichiometry.**? Stability constants for these complexes have been 
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obtained from polarimetric measurements on the boric acid-tartrate system.°** An 
anion-exchange method has been used to study the influence of pH on the nature of the 
boric acid—tartaric acid complexes**°, and it was reported that for increasing pH there 
is a change from the 1:2 to the 1:1 borate:tartrate complex anion, and from thence 
ionization of complexed tartaric acid increases with pH. In other studies of these 
several complexes equilibrium constants for their formation were obtained from pH, 
polarimetric and potentiometric measurements.°*° Borate-tartaric acid complexes have 
also been prepared by heating aqueous solutions of the components, and instability 
constants were obtained from potentiometric measurements on these products.°*7 
More recently rate constants for complex formation by boric acid with tartaric acid 
and the tartrate anion have been obtained by relaxation spectrometry using the 
temperature-jump method.?*® 349 

The several complexes formed by boric acid in association with different proportions 
of tartaric acid in varying ionization states have been prepared by evaporation®®*° and 
precipitation®®! and their composition established by techniques including X-ray 
analysis®°°, infra-red spectroscopy and thermogravimetry.*°? Previous thermographic 
study of the system boric acid-tartaric acid had indicated their interaction in a 1:1 
ratio.?°2 Other structural studies using infra-red spectroscopy and differential thermal 
analysis have confirmed that boromonotartrates and boroditartrates have respectively 
cyclic and spiro structures*°*, and the same methods have been used to examine the 
structure of other borotartrates, including those of the alkali and alkaline-earth 
metals.954: 355 

In preparative work borate complexes of both methyl and ethyl tartrate have been 
crystallized from the ester and boric acid in aqueous solution.®°° Amine salts of the 1:2 
boric acid: tartaric acid complex have been obtained from aqueous solution®®” and from 
the anhydrous components.°°® Mixed manganoborotartrates of the alkali metals and 
ammonium have been reported®°’, and the decomposition of some manganese boro- 
tartrates in aqueous solution has been studied.°®° Borotartrate complexes have also 
been prepared containing vanadium’, iron®®! and copper®®?, and stability constants 
for these metal borotartrates are reported. A complex barium borotartrate has been 
prepared from aqueous borate solutions?®* and its precipitation has been exploited for 
the detection of borate down to a concentration limit of 10 p.p.m. of boron.*®* Lan- 
thanide salts of borotartrate complexes have also been prepared by precipitation from 
aqueous solution.®® 

Potentiometric titration results have demonstrated the formation of 1:1 and 1:2 
boric acid: citric acid complexes?®°, for which the respective dissociation constants 
were found to be 1 x 10~2 and 5 x 10~°. The 1:2 complex was found to be favoured at 
low pH. More recently a complex borodicitric acid has been crystallized from an 
aqueous mixture of boric acid with citric acid.°®” Solubility studies on the system boric 
acid-—citric acid—water have also confirmed the formation of 1:1 and 1:2 boric acid: 
citric acid complexes.°°° Salts of the trivalent 1:1 complex anion with alkali and other 
heavier metals®°°, and lanthanides?’°, have been prepared from aqueous solution. 
Amine salts of the pentavalent 1:2 borate: citrate complex have also been obtained by 
precipitation from aqueous solution and their structures were examined by thermo- 
graphic methods.?"1 

In an examination of the system sodium hydroxide-boric acid—trihydroxyglutaric 
acid—water a sodium salt of the divalent 2:1 borate: trihydroxyglutarate complex anion 
was prepared.°?"2 In other similar studies this salt and the sodium salt of a tetravalent 
1:2 borate: trihydroxyglutarate complex anion were isolated.*7? Further work has con- 
firmed the formation of these complex anions?"*-°"° and has shown that the formation 
of a 2:1 complex is favoured by a higher pH than that leading to the formation of the 
1:2 complex. In a study of the borotrihydroxyglutarates of some alkaline-earth metals 
a 2:3 borate: trihydroxyglutarate complex has also been reported?””’ °78 and a trivalent 
1:1 complex borotrihydroxyglutarate salt of zinc and cadmium was also prepared.?”” 
Thermographic studies have confirmed the formation of the latter complex from boric 
acid and trihydroxyglutaric acid on evaporation®”®, and from sodium borate and 
sodium trihydroxyglutarate on dry heating.°®° Dissociation studies have also shown 
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that the complex borate anion persists in solution after the dissociation of the cadmium 
and mixed zinc and ammonium salts of the 1:1 borotrihydroxyglutarate anion.°®! A 
barium salt of the complex of boric acid with arabotrihydroxyglutaric acid has been 
precipitated from aqueous solution at alkaline pH°8?, and lanthanide salts of the 1:1 
borotrihydroxyglutarate anion have been prepared.*®° 

Although thermographic studies of solid boric acid and mucic acid gave no evidence 
for complex formation®®**, a barium salt of a trivalent 1:1 boric acid: mucic acid com- 
plex has been formed by precipitation from aqueous solution.®®* Other alkali-metal and 
alkaline-earth metal salts of this complex of general formula 3MO,B203,2CgHs0.4,nH2O 
(M = bivalent metal) have also been precipitated from hot aqueous mixtures of metal 
salts, boric acid and mucic acid at alkaline pH.?°°~ 28° A nickel boromucate of this type 
has also been precipitated from aqueous solution at alkaline pH®®°, and calcium and 
strontium salts of galactaric acid have been obtained in the same way.°9° Mixed am- 
monium and cadmium salts of the pentavalent 4:3 boric acid:mucic acid complex 
anion have also been precipitated from aqueous solution.?*? 

From early polarimetric studies it was recognized that with gluconic acid, as with the 
ionizable polyhydroxy compounds above, borate complex formation involved both the 
reaction of the borate anion with hydroxyl groups and the reaction of boric acid with 
the carboxylate anion.®” It has been shown that calcium gluconate may be used in place 
of mannitol for the titrimetric determination of boric acid®®?-3%* and the formation of a 
1:2 boric acid: gluconic acid complex was proposed.*°* Studies have been made of the 
dissociation of complex alkali-metal and alkaline-earth metal borogluconates in 
aqueous solution®®° and sodium borogluconate complexes have been prepared from 
aqueous solution.®°° °°" Dji-, tri- and tetrabasic borogluconates were obtained at pH 
5, 8-9 and 14, respectively.2°’ Thermographic and spectroscopic studies have also been 
performed on mixed calcium and alkali-metal borogluconates of the general formula 
M2CaBeCi2H220:1g,nH2O (where M is the alkali metal) which were reported to be 
obtained as vitreous products from aqueous solution.?9® 39° 


Nitrogen-containing Compounds 


Some early tests on several nitrogen-containing organic compounds for formation of 
boric acid complexes used electrical conductivity measurements and showed that 
glycine has some tendency, albeit less than the corresponding hydroxy-acid, to form a 
borate complex, and that uric acid glycol also raised the conductivity of aqueous boric 
acid slightly.*°° Alloxan, alloxantin and hydroxybarbituric acid were amongst the com- 
pounds without effect on the electrical conductivity of boric acid (Fig. 2). Ultra-violet 
spectrophotometric work has indicated that boric acid may give a 1:1 complex with 
benzohydroxamic acid (Fig. 3) and an equilibrium constant pK=5-7 was reported for 
its formation.*°! The formation of a 2:1 boric acid: benzohydroxamic acid complex 
has also been reported from spectrophotometric measurements and chemical analysis 
of the isolated product.*°? Other studies have shown that boric acid forms a 1:1 chelate 
with salicylamide, salicylhydrazide and salicylhydroxamic acid (Fig. 4).*°° There is also 
evidence for the formation of a mixed borate complex from catechol and several N- 
alkylsalicylaldimines (Fig. 5).4°* Ultra-violet spectrophotometric work has indicated 


ik | 
O O QQ. N CH(OH) 
Ma H 1O 4) O= C=0 
aN - Ni: ae | 
H H H Bd 
O O 7a ot “y 
Alloxan Alloxantin d 
Hydroxybarbituric 
acid 
Fig. 2 


Refs. p. 752 


738 Boron 


Benzohydroxamic acid 
Fig: 3 


OH OH OH 
ee ee ideas 
oe OY Co 
NH. NHNHg2 NH(OH) 
Salicylamide Salicylhydrazide Salicylhydroxamic 


acid 
Fig. 4 


Cisleos 
CH(OH)NR 
N-alkylsalicylaldimine 


Fig. 5 


that borax forms a weak complex with the oxime of salicylaldehyde, and a formation 
constant of (3:0+ 0-2) x 10~ % was deduced.*°° More recently it has been reported that a 
tris-dimethylglyoxime complex of iron(II) containing two molecules of boric acid as a 
complex with the oxime hydroxyl groups may be prepared from a solution of boric 
acid, an iron(II) salt and dimethylglyoxime.*°® 4°” Boric acid has also been reported to 
form a complex with its own triethanolamine ester, having the composition B(OC2Ha,)s- 
NB(OH)3.*°% 


Heteropolyacids and Inorganic Ligands 


Compounds formed by boric acid with heteropolyacids have received a full treatment 
in Section 13 of this volume. Attention has been given to the structure of the molybdate 
anion in coordination complexes*°? and the structures of heteropolyacids themselves 
have been reviewed.°? The reaction of boromolybdate and borotungstate anions, 
BM,,0%, (where M is tungsten or molybdenum and m is an integer) with transition 
metal (Z) ions in aqueous solution has been found to give heteropolyanions of stoichio- 
metry BZM,,0%5 (where 7 is an integer) containing tetrahedrally coordinated boron.*?° 
Tungsten complexes of this type were found to be more stable than those containing 
molybdenum, and the structure of other complex transition metal borotungstate 
anions was also classified in this work.*!° 

The effect of pH and the B: W ratio of the reactants upon the nature of the complex 
borotungstate formed from the anodic acidification of a boric acid—sodium paratung- 
state mixture has been studied.*11 Sodium borotungstates having B: W ratios of 1:12, 
1:14, 1:13 and 1:15 have been prepared by this method*!? and a crystalline sodium 
molybdoborate (B: Mo=1:12) has also been prepared in the same way.*!* The penta- 
potassium salt of tungstoboric acid has been prepared, and thermographic study has 
indicated that the fully hydrated salt has the formula K;(BW:20.40),18H2O.*1* Differen- 
tial thermal analysis and X-ray diffraction methods have also been used to determine 
the formulae of 12-tungstoboric acid and its ammonium salt.*!> The structure of 12- 
tungstoboric acid has also been elucidated by E.S.R. studies of the transformation of 
hydroxonium ions in the lattice to protons during dehydration.*!*® In aqueous solution 
12-tungstoboric acid has been found to undergo a single acid dissociation as a strong 
pentabasic acid.*?” This result has been confirmed by other neutralization work*?® 49, 
polarographic studies**° and proton N.M.R. investigations.*24, More recently the 
basicity of borotungstic, borotungstovanadic and boromolybdotungstic acids has been 
studied.*?2 There was evidence for two neutralization steps in amphoteric solvents, 
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whereas the acids behaved as tribasic acids in protogenic solvents. The decomposition 
of 12-borotungstic acid during its neutralization with sodium hydroxide has been the 
subject of a cryometric study*?? and the stability of this acid on dilution and neutraliza- 
tion has been examined by polarography.*?° In other work alkali metal salts of 12- 
borotungstic acid showed no neutralization reaction with sodium hydroxide but de- 
composed in the presence of a twenty-seven fold molar excess of the hydroxide.*?4 
Other polarographic studies of the reduction of 12-tungstoboric acid have shown that 
the acid may form reduced species with 6, 7, 8, 12 and 18 electrons transferred into the 
acid anion.*?° 

It has been reported thai borotungstic and boromolybdic acids may be prepared as 
crystals from the reaction of boric acid with molybdic or tungstic acid in aqueous 
solution.*?° The cesium*?” and rubidium*?” 47° salts of a mixed borotungstovanadic 
acid have also been precipitated from aqueous solution, and the rubidium and cesium 
salts of the complex borotungstovanadic acid Hg(B(W207)sV20¢), precipitated from 
acid solution, have been found to have a basicity of three.*?° A rubidium salt has also 
been prepared from 12-tungstoboric acid and shown by dehydration studies to have the 
formula Rbs(3W20.40),nH2O where n may be 18, 11, 7:5 or 2:5.4°° The structure of an 
analogous cesium salt has been confirmed by X-ray methods.**! Crystalline ammonium 
12-borotungstate has been prepared from the reaction of boric acid with ammonium 
tungstate ((NH.)6(H2W120.40),12H2O)**? and infra-red assignments have been made 
for ammonium 12-tungstoborate.*?* The preparation of sodium borotungstate (NasH,4- 
(B(W207)s) from boric acid and sodium tungstate (NazWO.,) has also been des- 
cribed.*** 42° The potassium salt of 12-tungstoboric acid has also been used to precipi- 
tate bis(benzoylacetonyl)-beryllium(II) from solution in a benzene-ethanol mixture.**® 

A study of the physicochemical properties of the borotungstates of barium, cobalt 
and copper has been reported*®’ and the solubility and hydration of cobalt and copper 
borotungstates has been examined.**® In other work equilibria in the system copper 
borotungstate-water have been examined over a range of temperatures*®°, and cad- 
mium borotungstate has been prepared by an exchange reaction from barium boro- 
tungstate.**° Magnetic measurements and stability studies have also been performed on 
borotungstate anions containing divalent copper and manganese, and trivalent man- 
ganese.**+ 

A study of component solubilities in the system boric acid—ammonium vanadate-— 
water has been reported and gave evidence for compound formation.**2 An examina- 
tion of the steam volatility of boric acid in the presence of other salts has also been 
interpreted as evidence for the existence of complex borophosphoric and boroarsenic 
acids in solution.**? A stable chromium(II) compound of composition CrxOH,H;BO; 
(X=Cl, Br or I) has been reported to be formed as a precipitate from aqueous solution 
by the reaction of chromous chloride with boric acid in the presence of calcium salts.**4 
X-ray study of the product showed a tetragonal symmetry, and although it may be 
formulated as containing the tetrahydroxyborate anion its composition has not received 
further attention. A related zirconium(II) compound of composition H3BO;ZrOHC1,- 
3-5H20O has also been reported to be precipitated from an aqueous mixture of zirconium 
oxychloride and boric acid after heating.**® 


Physical Properties of Complex Borate Anions and their Salts 


Ionization Effects 


ACIDITY AND ELECTRICAL CONDUCTIVITY 

It has been established that in aqueous solution the action of boric acid as a Lewis 
acid (equation 3 above) is encouraged by the involvement of the resulting tetrahydroxy- 
borate anion in complex formation. Investigations in which this effect has beenexploited 
to give quantitative results from potentiometric titration or pH measurements are 
treated in detail in previous sections under the heading of the appropriate complexing 
agent. Hydrogen-ion concentrations have been recorded for boric acid in the presence 
of hexose sugars*®? and potentiometric titration has been used to study complexation 
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Table V.—Enhancement of the Conductivity of Boric Acid 


Solutions by Various Additives.® 


Substance 


Polyols 
Glycol 
Glycerol 
Erythritol 
Adonitol 
Arabitol 
Xylitol 
Mannitol 
Dulcitol 
Sorbitol 


Cyclic Glycols 

Cyclopentane-1,2-diol (cis) 
1-Methylcyclopentane-1,2-diol (cis) 
Cyclopentane-1,2-diol (trans) 
1-Methylcyclopentane-1,2-diol (trans) 
a-Mannitan 

N-Ethyl-meso-tartrimide 
N-Methyl-dextro-tartrimide 

Indane-1,2-diol (cis) 

Indane-1,2-diol (trans) 
Tetramethylenesulfone-2,3-diol (cis) 
Tetramethylenesulfone-2,3-diol (trans) 
2-Methyl-tetramethylenesulfone-2,3-diol (cis) 
2-Methyl-tetramethylenesulfone-2,3-diol (trans) 
1,4-Dimethyl-tetramethylenesulfone-2,3-diol (cis) 
1,4-Dimethyl-tetramethylenesulfone-2,3-diol (trans) 
These sulfonediols are of the type: 


HOHC Tic 
SOz 
HOHC——— CHe 


Phenols 

1,2-Dihydroxybenzene (catechol) 
1,2,3-Trihydroxybenzene (pyrogallol) 
1,2,4-Trihydroxybenzene (hydroxyhydroquinone) 
1,2-Dihydroxynaphthalene 
2,3-Dihydroxynaphthalene 
3,4-Dihydroxybenzoic (protocatechuic) acid 
3,4,5-Trihydroxybenzoic (gallic) acid 
1,3-Dihydroxybenzene (resorcinol) 
1,4-Dihydroxybenzene (hydroquinone) 
1,3,5-Trihydroxybenzene (phloroglucinol) 


Hydroxy-Acids 
CH.0H:COOH 
CH;CHOH:-COOH 
(CH3)2COH:COOH 
CsH;CHOH:COOH 
(CgHs)2COH: COOH 
CsH:12CHOH:COOH 
CH20H CHOH:-COOH 
CH2z0H(CHOH),COOH 


CH.z0HCH2zCOOH 
CsHsCHOHCH.COOH 
CCl; CHOHCH2COOH 
CH2zCHOHCH.2CH2zCOOH 
Salicylic acid 
2,4-Dihydroxybenzoic acid 
2,4,5-Trihydroxybenzoic acid 
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Table V.—continued 


Substance | Conc. 4 
2-Hydroxycyclopentanecarboxylic acid (cis) iM 96 
2-Hydroxycyclopentanecarboxylic acid (trans) iM neg. 
5-Methyl-2-hydroxycyclopentanecarboxylic acid (cis) iM 89 
5-Methyl-2-hydroxycyclopentanecarboxylic acid (trans) 4M neg. 
Borneolcarboxylic acid (cis) gz M 530 
Borneolcarboxylic acid (trans) a; M neg. 


by these compounds, as well as glycerol and ethylene glycol?%*:14°, and the isopropyli- 
dene derivatives of mannitol and glucose.**® Potentiometric titration measurements 
have also been made on boric acid in the presence of polyphenols and organic acids?°? 
and nucleoside complexants.1°* The increase in electrical conductance which also 
accompanies ionization of the complex boron-containing acids (HBP(OH)2 or HBP.) 
has been recorded for a range of complexing agents® (Table V), and some earlier work 
relating this effect to the configuration of the complexing agent has also been sum- 
marized.*?° In some other early work measured increases in the conductivity of boric 
acid in the presence of several glycols**” were correlated with their ability to form con- 
densates with acetone.**” **® Attention has also been given to some hydroxy carboxylic 
acids which caused a decrease in the conductivity of boric acid and did not form com- 
plexes.**® A condensation interaction of the acid with boric acid was proposed as 
responsible for this decrease in conductivity. 

For the boric acid—complexant system the effect of temperature upon electrical con- 
ductivity has been reported only with citric acid*®°°, and the temperature coefficient of 
conductivity was found to be small. Precise conductivity measurements have been 
made upon boric acid in the presence of hexose and pentose sugars?*”: #5? #52, nolyhydric 
alcohols®® #°% #94: 45°, carbohydrates*®® and bicyclic diols.*5* Attention has been given 
to the influence of the configuration of carbohydrates!’* and both sugars and polyhydric 
alcohols*®” *°® upon these measurements. A number of conductivity studies have been 
reported for boric acid in the presence of «-hydroxy carboxylic acids®° 319: 926, 459-463 
and a-ketocarboxylic acids?! 31?»313, and measurements have also been made in the 
presence of dibasic acids®?° and glyoxal.2°* Conductivity values have also been re- 
corded for boric acid with phenols and hydroxy naphthalenes?5”: 26 464-6 as well as 
with saligenin?°°, salicylic acid?’* and para-aminosalicylic acid.285 The complexation of 
boric acid by urea has also been studied, and conductivity measurements were re- 
ported.*°° In other electrical conductivity studies the effect of boric acid upon the 
specific resistivity of ethylene glycol in the presence of ammonia has been determined.*®” 


TRANSPORT PROPERTIES 


The formation of complex anions from boric acid in the presence of suitable poly- 
hydroxy organic compounds has a significant influence on their transport properties, 
as evidenced by chromatography and electrophoresis experiments, and the study of 
related effects. Borate-containing solutions have been used for the selective elution of 
complexing sugars after their absorption on carbon?®?+ and strong-base anion- 
exchange resins.*®® *°° More recently a complex-forming boron group, analogous to 
that in the tetrahydroxyborate anion, has been incorporated in a methacrylic acid 
polymer and used to assess the complexing ability of some nucleotides?9® 2° and 
sugars.18° Transport effects have been recorded in a study of the 12-borotungstate 
anion by paper chromatography*?? and have been exploited for the study of amylose-— 
borate interactions by gel filtration.18® The chromatographic separation of some 
tritium-labelled ester lipids on a mixed silicic acid—boric acid column has also been 
used to effect their detritylation.*”° The exploitation of borate complexes in thin layer 
chromatography has apparently been confined to the separation of benzyl alcohol 
derivatives and pyridoxol on silica gel impregnated by boric acid.?1® Reviews have 
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appeared on the effect of complexation by boric acid upon the zone electrophoresis® and 
paper electrophoresis’ of carbohydrates, and the effect of boric acid on the paper 
electrophoresis of carbohydrates?®?:*"! and polyhydric alcohols*’? has also been ex- 
amined more recently. The behaviour of proteins on gel electrophoresis as borate com- 
plexes has also been examined.*’* Boric acid complexes exhibit a measurable iono- 
phoretic mobility and this effect has been examined for a range of complexing carbo- 
hydrates??° *74-®, disaccharides*”’, sugars*”® and cyclitols.”” The formation of complex 
anions by boric acid with lactic and oxalic acids has also been studied by electrodialysis 
using an anion-exchange membrane.°?+ 


ION EXCHANGE 


The ion exchange behaviour of boric acid upon complex formation has been ex- 
amined for several complexants, particularly since this property offers the possibility of 
making a quantitative estimate of the extent of complex formation by a relatively 
straightforward method. In a study of the anion-exchange properties of boric acid in the 
presence of glycols, complexation constants were obtained by applying an elution 
equation derived from the plate theory of ion-exchange chromatography.®’ Several 
complexing sugars have been absorbed by strong-base ion-exchange resins as borate 
complexes formed in sodium borate solution*®® and were separated on subsequent 
elution with this same salt*®® or boric acid solutions.*®° Ion-exchange chromatography 
in the presence of boric acid has also been used to separate a mixture of ribosides.19° 
The ion exchange -properties of complex anions present in the system boric acid— 
tartaric acid—water have been studied**® and the system boric acid—lactic acid—water 
has also been examined by this technique.°2* The anion-exchange behaviour of boric 
acid in the presence of oxalic acid has been shown to be consistent with the formation 
of a 1:1 complex anion*’’, and the absorption of boric acid by an anion-exchange resin 
previously saturated with the anions of other hydroxy di- and mono-carboxylic acids 
has been studied.*®° It was concluded that boron was absorbed not only as a discrete 
complex anion but also in a bridging position between adjacent complexant molecules, 
and as a condensed species.*®° The effect of complexing agents on the retention of boric 
acid by anion-exchange resins and other absorbents has received attention in other 
work.*®! The anion-exchange behaviour of boric acid in the presence of glycerol®® 9! 92, 
mannitol’®*, catechol?*! and tartaric acid®*® has been examined, and the formation of a 
complex anion from boric acid and gluconic acid has been demonstrated by ion 
exchange. *®? 


Solution Properties 


SOLUBILITY MEASUREMENTS 


Solubility measurements on boric acid and borates in the presence of water and a 
complexing agent have been performed in a range of instances to investigate the forma- 
tion and composition of anionic complexes. The solubility of such species in water has 
been studied in other cases to enhance the dissolution or effect the extraction of suitable 
organic complexants by water. Similarly the solubility of particular borate complexes in 
water-immiscible solvents has allowed the extraction of borate and associated ions from 
aqueous solution, and in a few instances quantitative studies of borate complexation 
have been made by this solvent extraction method. More recently the decomposition of 
some borate ores has been effected as a consequence of the complexation of boric acid 
therefrom during their dissolution by some hydroxy-carboxylic acids. 

Alkali-metal salts of several complex borate anions have been isolated from the com- 
ponents in aqueous solution, and metal salts of boric acid—heteropolyacid complexes 
have been prepared by crystallization from concentrated aqueous solution. Anionic 
complexes of boric acid with pentaerythritol and hydroxycarboxylic acids show a low 
aqueous solubility in association with alkaline-earth or the later transition metals as 
gegenions and this has been exploited in the gravimetric determination of boron, e.g. as 
barium borotartrate. 
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Solubility studies have been performed on the system sodium hydroxide-boric acid— 
water-—trihydroxyglutaric acid and led to the isolation of two complex salts.?7? Solu- 
bility measurements have also been made on the system boric acid-tartaric acid—water*®® 
and solubility data have been recorded for boric acid in the presence of the sugars man- 
nitol*®* and sorbitol’®? and the complexing alcohols cis-tetrahydronaphthalene-1,2- 
diol?®* and 1,3-butanediol.*®* In measurements of the aqueous solubility of copper 
borotungstate, several hydrates were isolated**°, and a phase diagram showing the forma- 
tion of lithium borotungstate in the system Lit-K*W0O?;-BOsz has been obtained 
from the cooling curves of related components.*®> The solubility of riboflavin in water 
has been shown to be increased by the presence of boric acid?!2, and in separate studies 
a complex has been formed.?1! The system boric acid—glycerol-water has also been 
found to effect the solubilization of several alkaloids*®®, and the presence of boric acid 
has also been reported to enhance the extraction of mannose derivatives from wood 
cellulose.*9* f 

The solubility of boric acid complexes in organic solvents has been exploited in the 
solvent extraction of boric acid from aqueous solution; alkyl salicylic acids have been 
reported to be useful solvent extractants for aqueous borate*®” 48°, whilst aromatic 
alcohols*®* #9", saturated aliphatic diols and triols*9?-*9* and alkyl catechols*9? have 
been patented for use under more alkaline conditions. The extraction of aqueous boric 
acid by alkyl catechols has been described*®°, and comparative extraction studies of 
various 1,3-diols amongst themselves*®®, and with diketones and hydroxyketones*®” 
have been reported. A complex of boric acid with salicylic acid has been extracted into 
tributyl phosphate for analysis*9°, whilst aqueous boric acid at pH 2 has been extracted 
into branched-chain, five-carbon diols and triols for the same purpose.*9° In studies of 
inorganic complexes it has been shown that tungstoboric acid may be extracted from 
acid solution by butanol®°° and boromolybdotungstic acid has been extracted quanti- 
tatively from aqueous acid solution by solvents, including butanol and benzene.5° 
Studies have also been made of the dissolution of natural borate minerals in dicarboxylic 
and hydroxydicarboxylic acids.°°? 5 

Among the complexes of boric acid with polyhydroxy compounds, salts obtained 
from catechol complexes precipitate or crystallize most readily from an aqueous solu- 
tion of the components. Salts of 1:2 boric acid: catechol complexes have been crystal- 
lized in several cases from aqueous solution?® 2% 31, 4° 234,356 and the relative solubility 
of mono- and di-catechol borate salts has been found to depend upon the gegenion.2%1 
Alkali-metal and amine salts of the dicatechol borate anion have been crystallized from 
concentrated solutions of the appropriate reagents”°, and its thallium and lower alkali- 
metal salts have been found to have a low aqueous solubility.2°? An amine salt of a di- 
phenoxy catechol borate has also been obtained by crystallization from an aqueous 
solution of boric acid and catechol.?29 Glycerol borate salts, brought down from 
aqueous solution by ethanol, were found to be rapidly hydrolyzed by water®®*, but a 
cadmium salt of this anion has been reported to have only a low solubility in water at 
alkaline pH.®°° Salts of boric acid and pinacol have been crystallized from an aqueous 
solution of the components®*, and pentaerythritol has been found to give apolymeric 
sodium salt in this way.°* The potassium salts of boric acid complexes with methy!] and 
ethyl tartrates have been obtained from aqueous solution®®®, and salts of a boric acid 
complex with salicylic acid have been found to have a low aqueous solubility.2%*: 2°” 
Boric acid salts of low aqueous solubility have also been obtained from vicinal cyclo- 
pentane- and cyclohexane-diols*: and from scyllitol.1?° A 1:1 boric acid: mannitol com- 
plex has been obtained from aqueous solution?”°, and similar complexes of boric acid 
with mannitol and glucose have been obtained from the components in acetone.*”* A 
salt of a boric acid—ascorbic acid complex has been brought down from alcoholic solu- 
tion by adding an alkali-metal hydroxide in aqueous solution?°’, and cobalt tetraamine 
diboroascorbate has been obtained from aqueous solution.?°? A monobasic complex of 
boric acid with the cymarose glycoside of the steroid strophanthidin’*°, and a mono- 
borate complex of the antibiotic erythromycin?** have also been obtained from the 
components in aqueous solution, and an iron—dimethyl glyoxime chelate containing 
complexed boric acid has been crystallized from aqueous solution.*® 
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Cadmium borotungstate has been obtained from aqueous solution only after con- 
centration by evaporation**® and borotungstic and boromolybdic acids*2® and their 
salts*®? have also been crystallized from solution only after concentration. Some metal 
and amine salts of borotungstovanadic acid have, however, been precipitated from 
aqueous solution.*?® Syntheses have shown that the alkaline-earth®® °°, zinc and cad- 
mium?° and nickel’°? salts of the complex anion from boric acid and pentaerythritol 
have a low solubility in water. The same observation has been made for salts of the 
complex anion from boric acid and tartaric acid in association both with ions of alka- 
line-earth metals?®* 378 °°®, and with alkaline-earth metals?77 597-598 and zinc®? in 
combination with ammonia, hexyl- and heptyl-amines**”’ and some lanthanides.?®® 
Preparative work has also shown that the alkali-metal?’2: °”4 and alkaline-earth metal?®2: 
510 salts of the complex of boric acid with trihydroxyglutaric acid have a low solubility 
in water. The borocitrates of some quaternary amines®!!, alkali and alkaline-earth 
metals®®°, later transition metals®®° and lanthanum®”° have also been formed as precipi- 
tates from aqueous solution. Other studies have shown a low aqueous solubility for a 
range of salts of anionic complexes formed by boric acid with mucic acid®87 389: 391 and 
gluconic acid®?® #98 999, as well as with the sugar acids galactaric acid®®° and saccharic 
acid.°1? 


VISCOSITY AND GELATION 


An increase in the viscosity of aqueous boric acid has been observed upon complex 
formation with several organic reagents, and is generally a consequence of hydrogen 
bonding and borate complexation acting together to give a cross-linked structure, which 
may form a gel in extreme cases. Viscosity studies appear to have been confined mainly 
to compounds with relatively high equilibrium constants for complex formation, but 
with suitable reagents gel formation may occur with stoichiometric or lower amounts of 
complexant. The gelation of boric acid.by many polysaccharides has been examined in 
detail®® and viscosity studies using gums and mucilages have been included in a general 
review of complex formation.®*’*®° Gel formation is an established feature of complex 
formation from boric acid with polyvinyl alcohol’°° and starch, and some comparative 
studies have been made upon dextrins.°!* Early work was concerned with carob-seed 
gum, with which complexation of the tetrahydroxyborate anion leading to gel formation 
is particularly marked, even at low concentrations of borax, its precursor.°!*’ 515 More 
recently gelation in the guanosine—boric acid—water system has been studied and shown 
to be due to the formation of a 2:1 guanosine: boric acid chelate held in a hydrogen- 
bonded network.*** Gelation in this system was found to be inhibited by urea.1% In an 
examination of the viscosity of boric acid in the presence of other polysaccharides, 
including mannan, galactomannan and polymannuronic acid, gelation was found to be 
inhibited by lower molecular-weight complexing agents and by acid.1®? In other work it 
has been reported that borax reduces the viscosity of alginate solutions®?®, and pectin 
has been found to accomplish the gelation of boric acid only after its conversion into a 
glycerol ester.°*” The influence of borates upon gel formation from gelatin has also been 
examined.°*® Volume changes on complex formation from boric acid may be formally 
related to viscosity effects and have been exploited to study the formation of boric acid 
complexes by mannitol and sorbitol.1°’ Measurements have also been made of the vis- 
cosity of boric acid in the presence of polyvinyl alcohol,?° trihydroxyglutaric acid®1® 
and tartaric acid®*?, and have been used in a study of the formation of a borate complex 
by mandelic acid.?2” 


Thermodynamic Properties 


Equilibrium constants measured for the formation of borate complexes are dealt with 
earlier in this section under the appropriate reactants. From potentiometric studies of 
the system boric acid—mannitol—water thermodynamic functions 4H, 4G° and 4S° were 
determined for the complexation reactions leading to 1:1 and 2:1 mannitol: boric acid 
complexes.*”* Both reactions were found to be exothermic, but enthalpy changes were 
small. The free-energy change on complexation showed no appreciable temperature 
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dependence and the corresponding entropy changes were found to be positive, so that 
the entropy change accompanying complexation represents the main contribution to 
the associated free-energy change. This behaviour has also been found in a similar 
study of the complexation of boric acid by pyrocatechol.?*° In other work the same 
functions were also obtained for the complexation of boric acid by a range of 1,2- and 
1,3-dihydric alcohols by using a pH method to study the complexation reaction at 
several temperatures.’? The method has also been used to derive the same thermo- 
dynamic data for the chelation of boric acid by some hexose sugars.'®” Comparison of 
these results and earlier work+"! is possible for complexation by mannitol, and here the 
later results’? show fair agreement only for free-energy changes. Calorimetric measure- 
ments have been made of the heat of neutralization of boric acid in the presence of man- 
nitol and catechol!®®, but studies of this effect are complicated by the formation and 
interconversion of the two complex acids (HBP(OH).2 and HBP.). Thermodynamic 
studies of complex formation by boric acid with inorganic species are apparently con- 
fined to measurements of the heat of reaction of some alkali-metal borotungstates with 
sodium hydroxide.*?* 


Optical and Spectroscopic Properties 
OPTICAL ROTATION 


The change in optical rotation of suitable organic compounds in the presence of boric 
acid or borates was one of the earliest observed effects of complex formation, but such 
changes do not always accompany or originate from complex formation. Optical 
activity measurements have been performed upon mixed systems and the complexes 
themselves, and show that changes in optical rotation can arise from the influence of 
boric acid on the organic complexant and the creation of a new asymmetric centre on 
complex formation. The action of boric acid in acid—base catalysis of sugar muta- 
rotation is particularly significant, and it has also been shown that unsymmetrical 
substitution in a complexant forming a bis-diol borate can lead to an asymmetric pro- 
duct.?” Although it was initially suggested that asymmetry was located at the oxygen 
atom of the complex? it has been recognized that four-coordinate boron may be an 
asymmetric centre in a spiran (BPz ) complex.” °?° >? It follows that a 1:1 complex 
formed from boric acid has no new asymmetric centre. 

The influence of boric acid upon the optical rotation of mannitol has been determined‘, 
and in other work optical activity measurements have given evidence for the formation 
of two complex ions by boric acid with both sorbitol and mannitol®??, with a maximum 
optical activity for the compound having the greatest proportion of boric acid.°?? The 
effect of boric acid upon the specific rotation of some partially methylated derivatives 
of mannitol has also been examined.°?* Optical activity determinations have been made 
upon some aldose sugars in the presence of borax®?° and the specific rotation of lactose 
has been found to be increased by the addition of boric acid.®?° The effect of boric acid 
on the rotatory power of ether sugars, including maltose, levulose, glucose and galac- 
tose, has also been investigated.°?’ Other studies of the effect of boric acid and borax on 
the degree of rotation of several aldohexose and aldopentose sugars showed a relatively 
smaller effect for boric acid, compared with borax, whilst the latter was found to de- 
crease the angle of rotation of some monosaccharides and have little effect upon disac- 
charides.??” In a related study of some sugars and tartaric acid, mannitol and glucose 
showed a greater tendency to complex with borax than boric acid.®” In other studies of 
the optical rotation of sugars and glucose the concentration of borax causing the 
maximum deviation in the optical rotation of glucose was determined, and it was re- 
ported that boric acid was without effect on the optical rotation of glucose.+?9 In later 
work it was found that boric acid, at a suitable concentration, caused a small reduction 
in the’specific rotation of glucose!”’, and the optical activity of glucose has been found 
to decrease in the presence of borax, particularly at alkaline pH.*”® The influence of 
borax upon the specific rotation of several ketohexoses, hexitols and glucose has also 
been examined at varying sugar: borax compositions.°?® Optical activity and complexa- 
tion were correlated to show that glucose forms at least a diglucose borate and a mono- 
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glucose borate®?®, and in other work the optical rotation of mixtures of borax and 
phenyl-8-p-glucopyranoside has been studied.*”° Boric acid has been found to increase 
the specific rotation of calcium gluconate®?°, and an examination of the effect of boric 
acid and borax upon the optical rotation of gluconates and saccharates has been re- 
ported to confirm that formation of a borate complex is an ionic reaction.°*° 

Several studies have been made of the optical rotation of mixtures of boric and 
tartaric acids°*!-°*°, and these measurements have been interpreted as confirming the 
formation of a compound which gives complex ions in solution.°?® The effect of in- 
creasing pH upon the system has been recorded®?’ and optical rotation effects have been 
used to probe the composition of complexation products from boric and tartaric 
acids.338 343,538 The effect of boric acid upon the optical rotation of tartaric acid has 
also been used for the polarimetric determination of boric acid.®?9 54° Optical rotation 
measurements have revealed the formation of a 2:1 boric acid: tartaric acid complex in 
acid solution®*!, and optical rotation has been used as a contribution to the calculation 
of equilibrium constants for complex formation between the two acids.?°* Polarimetric 
measurements have also been made as part of a detailed quantitative study of the boric 
acid-tartaric acid system®*® and have been used to calculate equilibrium constants for 
complex formation.*** The effect of boric acid upon the optical rotation of lactic®+? and 
malic acids°*? has been studied, and optical isomers of 1:2 boric acid-salicylic acid 
complexes have been separated and studied.°**’® In other work the influence of boric 
acid upon the optical rotation of lactoflavin?+? and ascorbic acid??° has been examined. 
The mixed enantiomers of a complex of boric acid with catechol have also been 
isolated in varying proportions as their brucine and strychnine salts.5*° 


ULTRA-VIOLET AND VISIBLE SPECTROSCOPY 


The ultra-violet absorption spectrum, in ethanol, has been determined for complexes 
of boric acid with pyrocatechol and was interpreted as supporting the formation of 3:1 
and 2:1 catechol: boric acid complexes in the presence of pyridine.?°° Visible spectra 
have also been recorded for boric acid on complex formation with nitrocatechols.?4? In 
other work formation constants for complexes of boric acid with 3,4-dihydroxy ben- 
zaldehyde and several other aromatic compounds have been obtained by ultra-violet 
spectroscopy.?°! The ultra-violet absorption of complexes of boric acid with salicylic 
acid has been examined and the observed shift to longer wavelengths in comparison 
with mixtures of the components was attributed to hydrogen bonding.°*® Complex for- 
mation by boric acid with other aromatic compounds has been studied by a differential 
spectrophotometric technique°*’, and with catechol derivatives their colour formation 
with boric acid has been exploited as an analytical procedure.?°” 

In the colorimetric determination of carbohydrates it was found that boric acid 
slightly lowered the visible absorption of aldose sugars at acid pH in the presence of 
phenol, and this may be due to complexation of an enol form of the sugar.°*® The 
complexation of boric acid by ethylene glycol, glycerol, mannitol and sorbitol has been 
studied by spectrophotometry, and ionization constants of the complexes were obtained 
from hydrogen-ion measurements in this way, using a reference acid, and dinitrophenol 
as an acid-base indicator.”° The ultra-violet and visible spectra of complexes of boric 
acid with salicylic acid have been examined?®®, and bathochromic shifts observed in the 
ultra-violet spectrum of p-aminosalicylic acid in the presence of boric acid may be a 
consequence of complex formation.?%! Ultra-violet spectroscopy has been reported to 
show complex formation from boric acid and salicylaldoxime*®> and spectrophoto- 
metric studies have also been made of the formation of a 1:1 chelate complex by boric 
acid with salicylamide, salicylhydrazide and salicylhydroxamic acid*®’, and of the com- 
plexation of boric acid by benzohydroxamic acid.*°? Visible absorption studies have 
been made of the complexation of boric acid by naphthoquinone?”” and anthraqui- 
none2"!;274»277 and several derivatives of the latter; in particular alizarin?”: and ali- 
zarin-S.2"1»2"4  Anthraquinone derivatives have also been used for the colorimetric 
determination of boric acid.°*? Boric acid has been found to give a large hypsochromic 
shift in the ultra-violet spectrum of aqueous 4,5-dihydroxy-2,7-naphthalene disulphonic 
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acid at pH 6-5-10°°° and a p-nitrophenylazoderivative of this compound has been 
used for the colorimetric determination of boric acid.?”° The visible absorption of a 
chelate complex of boric acid with fluorone has been recorded®°°, and spectrophoto- 
metric studies have been made of coloured complexes of boric acid with flavones, 
flavonols and chalcones in the presence of oxalic acid.????"" Boric acid has also been 
observed to produce a bathochromic shift in the spectrum of flavones having adjacent 
hydroxyl groups??°, and has been found to form a coloured reaction product with the 
flavone quercitin.?21 The colorimetric determination of boric acid on complexation with 
curcumin at acid pH is an established procedure. 

The visible absorption spectrum of rosocyanin, the complex product, has been 
studied®°°, and ultra-violet absorption spectroscopy has been used to determine the 
formation?%® and dissociation®°? constants for rosocyanin. It has been observed that 
there is an interference in this colour reaction by the presence of other complexing 
agents.°°° The ultra-violet spectrum of rubrocurcumin, the complex formed from boric 
acid, curcumin and oxalic acid has also been examined.?°° 


FLUORESCENCE, LUMINESCENCE AND PHOSPHORESCENCE EFFECTS 


A study has been made of the effect of substituents upon the fluorescence of a 1:1 
complex of boric acid with some esters of salicylic acid®**, and the fluorescent reactions 
of boric acid with both acetylsalicylic acid and salicylaldehyde®°? and salicylic acid have 
been examined.°°? The fluorescent reaction of boric acid with some o-hydroxycarbonyl] 
compounds in concentrated sulphuric acid has also been studied®®*-°°’, and applied to 
the detection of boric acid using resacetophenone.°°® °°? Metal and amine salts of a 
complex of boric acid with catechol have also shown phosphorescence after ultra- 
violet excitation?**; the fluorescent emission of a 1:1 complex of boric acid with ben- 
zoin has also been examined.°©° 

The luminescent properties of a boric acid phosphor activated by yohimbine have 
been studied°*! and measurements of phosphorescent emission lifetimes have been used 
to give formation constants for complexes of boric acid with benzoylacetone.*® 


INFRA-RED AND RAMAN SPECTROSCOPY 


Infra-red spectra have been recorded for salts of the boric acid complex of the sugar 
xylitol’#?, and Raman spectroscopy of the aqueous borate anion in the presence of 
mannitol?®®, and several 1,2- and 1,3-dihydric alcohols®’, has confirmed the formation 
of chelate complexes with a 1:1 and 1:2 boric acid: complexant ratio. In other work 
with an aliphatic dihydric alcohol the complexation and esterification of boric acid by 
2,3-dimethyl-2,3-butanediol has been studied by infra-red spectroscopy of the com- 
ponents’® and the product on their evaporation.°®? Infra-red measurements on boric 
acid and lactic acid in aqueous solution have been used to estimate stability constants 
for the appropriate complexes®?*, and the structures of metal salts of boric acid com- 
plexes from lactic and tartaric acids have been examined by infra-red spectroscopy.°** 
The complexation of boric acid by hydroxy-carboxylic acids, including malic and gly- 
colic acids®®> and hydroxy-stearic acids?*! has been examined by infra-red spectroscopy. 
Stability constants have been estimated, from infra-red studies, for the complexation of 
boric acid by the salicylate anion.?®* Infra-red spectra have also been recorded for 
rosocyanin, the complex of boric acid with curcumin®®?, and ammonium 12-tungsto- 
borate.*% 


NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 


The general effects that complex formation with boric acid has upon the proton 
N.M.R. spectra of sugars have been outlined’® and the technique has been used to 
study the structure of borate complexes formed from some 5-membered-ring vicinal 
dihydric alcohols”® and from scyllitol??°, and to obtain a complexation rate-constant 
in the latter case. Structural information obtained from studies of carbohydrates by 
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high-resolution proton N.M.R. has also been discussed in relation to the complexation of 
borate.°°* Proton N.M.R. has been used to invesigate the structure of a borate complex 
formed by the yeast mannan, Trichosporon aculeatum mannan®*’, and has been applied 
to determine the formula and basicity of tungstoboric acid.*? The formation of a com- 
plex by boric acid with glucose has also been examined by the combination of proton 
and ?1B N.M.R. spectroscopy.?*® More recently the changes occurring in 1°C N.M.R. 
spectra of complexing agents in the presence of the tetrahydroxyborate anion have been 
examined, and spectra have been obtained for a range of free carbohydrates, polyhydric 
alcohols and their borate complexes.°®*-°”° Besides giving information on the structure 
of the complexes and the conformation of the complexant therein, in some cases it has 


also been found that the spectra may be used to estimate the extent of complexa- 
tion, 288 569 


Chemical Properties 


The reactions of borate complexes have not been examined in any diversity. They are 
largely those of the complexant and reflect the effect of complexation thereupon. The 
chemical properties of complexes are treated here in so far as they may be separated 
from the chemical effects of complexation. The latter have received attention earlier, 
when there is emphasis on their exploitation to study the complexation of borate by a 
particular species. 


REDUCTION AND OXIDATION 


It has generally been observed that complex formation with boric acid decreases the 
tendency of organic complexants to undergo both reduction and oxidation. In the case 
of oxidation, however, the established influence of boric acid upon the air oxidation of 
organic compounds may be a contributory factor. The electrochemical reduction of 
complexes of boric acid and salicylic acid has been studied by polarography?** and this 
technique has also shown that the complexes of boric acid with fructoset®® 5! and 
benzil?°° are resistant towards reduction. The reduction potential for some D-glucosa- 
zones was found to be unaffected by their complexation with boric acid, but reduction 
of the chelate complex was detected by polarography.+®° The resistance toward reduc- 
tion shown by tungsten(VI) in some complex ions has been ascribed to electron donation 
by surrounding atoms, so that conversely the relative ease of reduction of tungsten in 
metaborotungstic acid may be related to the electronegativity of boron.®’? Other polaro- 
graphic studies have shown that the 12-tungstoborate ion is more easily reduced than 
the phosphorus analogue*?°, and the reduction of 12-borotungstic acid after neutraliza- 
tion and reduction has also been studied by polarography.*?° 

Borax has been found to inhibit the oxidation of several sugar acids and dehydro-.- 
ascorbic acid in alkaline solution at ambient temperature, but it was without effect upon 
the oxidation of ascorbic acid.®”? An increased yield of dehydroascorbic acid obtained 
from the oxidation of L-ascorbic acid in the presence of borate may thus be due to 
stabilization of the product as a borate complex.?° In the solid state boric acid has been 
found to reduce the oxidation of glucose, and complex formation may contribute to 
this effect.1°? Boric acid has also been found to reduce the rate of oxidation of glucose®”* 
and other sugars®”® in alkaline solution and since this inhibition was reduced at acid 
PH it is likely to be mainly a consequence of complexation. Quantitative studies of the 
oxidation kinetics of several borate-sugar complexes have shown that the complex it- 
self may be oxidized®’®, and the oxidation of a borate complex was detected in an 
examination of the effect of boric acid on the periodate oxidation of glycerol.°”” The 
oxidation of D-glucitol and its borate complex has also been studied®”*, and complexa- 
tion with boric acid has been found to retard the oxidative conversion of galactose to 
malonaldehyde.*”° 


Thermal Stability 
Many salts of complex borate anions have been subjected to thermal analysis. 
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Detailed information derived from these studies on the structure and composition of 
complexes is included under the heading of the appropriate complexant in earlier sec- 
tions, and the stability results themselves are treated here. On heating the complex salts 
show first a loss of water of crystallization and may then dehydrate internally; the 
subsequent composition may be preceded by rearrangement. The stability of a given 
complex varies with the associated anion; in exceptional cases the compounds may 
persist unaltered up to 600°C®*®° but usually loss of water is followed by decomposition 
above ca. 200°C. The variation in thermal stability for several metal salts of the complex 
of boric acid and xylitol has been studied.°*! The alkali-metal salts of the complex of 
boric acid with 2-methyl-2-(hydroxymethyl)-1,3,-propanediol have been reported to de- 
compose above ca. 300°C with oxidation to give the appropriate alkali-metal meta- 
borate and carbon dioxide!??, and in other work it has been reported that the sodium 
and potassium salts of this complex anion decompose respectively below and well 
above this temperature.®°®° The thermal interconversion of esters of this same alcohol at 
lower temperatures has also been examined.°®? The thermal decomposition of a range 
of metal salts of borotrihydroxyglutaric acid has been studied®®? and the calcium salt of 
the complex of boric acid with pentaerythritol has been found to undergo loss of water 
up to 240°C and decomposition above this temperature.°? The sodium salt of the 1:2 
complex of boric acid with ascorbic acid has been found to be stable up to 150°C.?°9 
The formation and stability of complex acids of boric acid with dulcitol has been studied, 
and increasing temperature was reported to accomplish a conversion from the 1:1 
(dulcitol: boric acid) complex acid into a 1:2 complex acid, and from the latter to a 
monoborate ester above 180°C.1*° The thermal properties of 12-tungstoboric acid and 
its ammonium salt have been studied up to 1100°C and the ammonium salt, which de- 
composed above 300°C, was found to be slightly more stable than the parent acid.*?° In 
other work sodium borotartrate was found to be stable up to 360°C and studies were 
also made of zinc borotartrate and the boroditartrates of lithium and magnesium.?°? 


Biological Processes 


Evidence for the complexation of boric acid by vitamins, enzymes and other com- 
pounds in this broad class has been summarized previously. An interaction of boric 
acid with biologically significant species may arise from effects other than complex 
formation and often reflects the presence of an established complexant as a component 
therein rather than the presence of this or another complexing group in the chemical 
structure. In other cases, particularly bacteriological processes, the borate complex 
may show no overall effect that has not been observed for its separate components. 
The bactericidal effect of sorbitol and boric acid has been studied, but could not be 
related to the boric acid content of the mixture.°** It has also been observed that boric 
acid reduces the bacteriological action of esters of p-hydroxybenzoic acid.°®> The 
presence of borate has been reported to activate the enzyme fumarase and also alter the 
pH for optimum activity.°°° In the enzymic conversion of L-fucose to L-fuculose, boric 
acid has been found to increase the equilibrium concentration of the latter, but this may 
be a consequence of the interaction of boric acid with the sugar rather than the en- 
zyme.°®” In comparisons, at the same pH, of different buffers borate has also been found 
to have an inhibitory effect upon the enzyme glucose-6-phosphatase.°*® 


Applications 


Reports of various uses which exploit the physical and chemical properties of borate 
complexes have appeared over a long time but do not represent a large-scale 
application of these compounds. Among the most significant aspects are the solvent 
extraction of borates as an organic complex anion and the dissolution of metals in 
organic solvents as gegenions to such a complex. The incorporation of borate com- 
plexes in surfactants is a new development, and their dispersant properties have also 
been reported to make them useful as lubricating oil components. In this application 
they may also act to inhibit corrosion. The gelation of boric acid with suitable com- 
plexing agents has found application in the preparation of both adhesives and drill 
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fluids, and attempts have been made to exploit the electrical properties resulting from 
the formation of an ionic complex. Borate complexes have been used to catalyze the 
curing of resins and reflect the oxidation inhibition and fire-retardant properties estab- 
lished for boric acid alone. They have been reported as useful components of metal 
treatment baths and the biocidal, fungicidal and therapeutic properties of boron in a 
complex have received attention. 

Depending upon the complexing agent involved, the aqueous solubility of different 
metals may be reduced or enhanced when they act as gegenions to a complex borate 
anion. Boric acid with gluconic acid has been patented as a sequestering agent to 
prevent the precipitation of metal ions from hard water®®? °9° °°, and in the same way 
sodium borogluconate has been claimed to prevent the precipitation of metal oxides 
after their dissolution during electrolytic derusting.°°? A mixture of boric acid or 
sodium perborate with a hydroxy carboxylic acid containing a terminal carboxyl group 
and vicinal hydroxyl groups has also been reported to be a useful sequestrant for metal 
ions in a washing-agent composition.®?? It has been claimed that cadmium may be pre- 
cipitated from alkaline solution as a complex salt of boric acid in combination with 
glycerol or sorbitol®°>, and a complex of boric acid with glycerol or pentaerythritol has 
been patented as a component of an aqueous coolant stream to prevent the dissolution 
of hydrogen cyanide therein.°°* Attention has also been given to the formation of com- 
plexes of boric acid with naphthalene diol as a method of removing boric acid from 
aqueous solution.®?° 

The solubility of borate complexes in organic solvents has allowed the solvent ex- 
traction of boron from aqueous solution. Patented processes for the production of 
boric acid from lake brines by solvent extraction employ aliphatic polyhydric alco- 
hols*9?: 49+ and aromatic alcohols related to saligenin.*®®’49* In the purification of 
brines containing magnesium chloride, boron removal has been effected by solvent 
extraction with alkyl catechols*®? 495 59° and saligenin derivatives.*°? Alkyl-salicylic 
acids have also been used to extract boron from aqueous solution*®” *°°, whilst in 
petroleum processing aqueous borax has been patented for the extraction of water- 
soluble hydroxy carboxylic acids from petroleum oxidation products.°°” Solvent ex- 
traction with, e.g. boric acid and glycerol, has also received attention as a means of 
removing basic impurities from thermally cracked naphtha.°% 

Surface-active compounds have been claimed to be formed on esterification of the 
reaction product of boric acid with a polyhydric alcohol, and the products were re- 
ported to contain boron in an anionic complex.°??- °°? Complex formation may also be 
involved in the reaction of boric acid with alkylolamides, from which the products have 
been claimed to show surface activity.°°? A compound of boric acid with an a-hydroxy 
carboxylic acid has been patented for inclusion with a surface-active detergent in a 
washing composition®®*, and reaction of boric acid with a polyhydric alcohol on heat- 
ing in the presence of a carboxylic acid has been reported to give a substrate for sul- 
phonation and application as a washing agent.®°° Amine salts of a complex of boric 
acid with catechol have been reported to assist the dispersion of impurities by lubrica- 
ting oils.©°® An acylated polysaccharide borate has also been patented for this purpose 
and to increase the viscosity of a lubricating oil.©°’ Complexes of boric acid with ali- 
phatic diols have also received attention as components of petroleum fuels to reduce 
metal deposition after combustion of lead-containing additives therein.®°%®° A 
condensation product of boric acid with ethylene glycol has also been patented as a 
lubricating oil additive®?! and amine salts of a complex of boric acid with salicylic acid 
have been claimed to improve the stability and anticorrosive behaviour of lubricating 
oils.°+2 

The reaction product of boric acid with carboxymethyl cellulose or polyvinyl! alcohol 
has received attention as a dispersing agent in suspension polymerization®?*, and other 
hydroxy compounds as well as cellulose have been reported to be useful as a moulding 
powder when compounded with boric acid.®1*:°15 The gelation of aqueous vegetable 
gums arising from or promoted by their complexation of borate has been claimed as a 
method of preparing a fracture fluid for well drilling®’®, and borax has been used to 
form gels with galacto- and gluco-mannan gums.°!” Gel formation in the presence of 
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borax contributes to the effectiveness of starch-based adhesives®!® and borax has been 
used to increase and maintain the viscosity of starch and its derivatives.®19 

Borate complexes are generally highly dissociated in solution and their electrical con- 
ductivity has been recognized as having electronic applications. Electrolytes of boric 
acid with ethylene glycol®?° and catechol®*+ have been patented for the impregnation of 
electrolytic capacitors, and alkylammonium salts of boric acid—catechol complexes have 
also been claimed for use as capacitor electrolytes.°?? °° Other work has reported that 
boric acid reduces the ability of guanidine to confer insulating properties on poly- 
ethylene.°?* 

A complex of boric acid with salicylic acid has been claimed to accelerate the curing 
of epoxy resins®*°, and guanidine salts of the catechol—borate anion have been claimed 
as hardening catalysts®*® and curing agents®?” for 2-chloro-1,3-butadiene polymers. 
Complexes of boric acid with catechol have also been claimed to accelerate the vulcani- 
zation of chloroprene®?®, neoprene®?? and butadiene—-styrene®*° rubbers, and have 
received attention for the curing of butyl rubber.®*! It has also been reported that amine 
salts of a borate-ethylene glycol complex catalyze the reaction of fatty oils with sul- 
phur®*?, and borotungstic acid has been claimed to catalyze the conversion of cyclo- 
hexanone to its oxime by reaction with ammonia and hydrogen peroxide.®*? Boric acid 
complexes have also been reported to catalyze the curing of phenol-formaldehyde®** 
and urea—formaldehyde®*® resins, and complex formation by boric acid with phenolic 
and methylol groups on a phenol-formaldehyde resin has also been claimed as a 
method of absorbing boric acid from aqueous solution.®*° Polymerization of isocya- 
nates has been reported to be catalyzed by a complex of boric acid with 
triethylene glycol®*” °%8 and boric acid—polyhydric alcohol complexes have been re- 
ported to retard foaming in the preparation of polyisocyanates.®°° The trimethyl am- 
monium salt of a borate—catechol complex has been claimed to catalyze the preparation 
of polysiloxanes®*° and boric acid—glycerol complexes have been reported to accelerate 
the curing of siloxane polymers.®*? °*? In other work it has been claimed that boro- 
tungstates catalyze the formation of glycol esters or their polymers.®*° 

The oxidation of several polyhydric phenols has been claimed to be inhibited by a 
complex of boric acid with ascorbic acid®** and a borate-saligenin complex has been 
claimed as an antioxidant for polypropylene.®*° The reaction products of boric acid 
with polyhydric alcohols and phenols®*° and with catechol and N-phenylsalicylamide*®* 
have been claimed as lubricating oil antioxidants and silicone fluids have been reported 
to be stabilized by added borate complexes.°*” Attention has been given to the stabiliza- 
tion of some chromium(III) compounds by combination with boric acid*** §48 and com- 
plex formation may be involved in this effect. In other work it has been claimed that 
several polyhydric alcohols capable of forming boric acid complexes acted to preserve 
the active oxygen of sodium perborate solutions.°*? Oxidation of the complexant may 
however contribute to this observation. Boric acid and polyhydroxy compounds have 
been claimed to fireproof polyurethane foams®*° and the complexation reaction of 
boric acid with hydroxyl groups on a phenol-formaldehyde resin has been claimed to 
improve its thermal stability.°°? A complex of boric acid with glycerol or sorbitol has 
also received attention as part of a composition to improve the fire and heat resistance 
of phenolic foams.®°? Sodium borotungstate has also been claimed as a component of 
fire resistant paints®°? and for fabric flameproofing.®>* 

The corrosion inhibition properties of 1,2-propylene glycol antifreeze and brake 
fluids have been improved by adding borax®®°®: ®°°, and an alkali glyceroborate has been 
claimed to reduce corrosion by oil-based cutting fluids.°°’ The corrosion of steel by salt 
water has also been reported to be inhibited by an amine salt of a borate-sorbitol 
complex.®°® Sodium borogluconate has been claimed for use in deoxidizing baths 
for brass®°° and borate-polyhydric alcohol complexes have been reported to reduce 
scaling during the etching of aluminium.®®° Reaction products of boric acid and chro- 
mous halides have received attention as components of chromium plating baths®*® and 
borotungstic acid has also been claimed to improve the performance of chromium 
plating baths.°** Boric acid and sodium saccharate complexes have been reported to be 
beneficial in nickel electroplating baths®®?, and borate complexes with hydroxy car- 
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boxylic acids have also been claimed to improve the silver plating process.°°? Complexes 
of boric acid with tanning agents have been reported to be used for leather treatment?°? 
and boric acid complexes with quinone-resorcinol polymers have received attention for 
the same purpose.°** Boric acid complexes with tanning compounds have also been 
prepared.?°° 26! Sodium sorbitol—borate has been used as a buffer in a textile finishing 
composition®®> and complexes of boric acid with polyhydroxy compounds have been 
claimed to catalyze the treatment of textile materials with resins.°°* Borotungstic acid 
has also been reported to be used as a component of a photosensitive system, e.g., for 
fabric treatment®®’, and sugar—borate complexes have also been patented as paper 
coating materials.°°® 

Amine salts of a complex of boric acid with sorbitol have been used to control micro- 
biological growth®®? and similar salts of complex esters of boric acid 1,3-diols have 
received attention as bacteriocides.®”° Salts of boric acid—saligenin complexes have also 
been reported to have biocidal®”? and fungicidal®’? activity, and the fungicidal activity 
of boric acid has been reported to be increased by oxalic acid at alkaline pH.°’*? The 
alkali-metal and ammonium salts of borotrihydroxyglutaric acid have also been 
claimed to have antiseptic®’* and fungicidal®’> properties, and a mixture of salicylic 
acid and boric acid has been patented for use as an antiseptic.°’® Sodium borotungstate 
has also been reported to be effective against certain virus infections®’” and calcium 
borogluconate has received attention as a method of increasing calcium levels in animal 
blood serum.°®7® 

Amine salts of some borate—polyhydroxy acid complexes have been claimed as 
therapeutic agents®’®, and borate esters of some hydroxy-steroids have been reported to 
be effective for the treatment of arthritis.°°° A polyvinyl alcohol—boric acid—iodine 
complex has received attention for the treatment of eye diseases®*!, and quinine and 
other alkaloid salts of a complex of boric acid with tartaric and salicylic acids have been 
claimed to reduce inflammation and infection.®°®? Boric acid is known to stabilize alu- 
minium acetate solution for therapeutic use, and a stable solid product has been obtained 
by evaporation of such a solution containing tartaric acid.®8* Formation of a borate 
complex has also been used to solubilize both dopa®®* and some polyene macrolide 
antibiotics®®> in water. Other patents have described the preparation of complexes of 
boric acid with saligenin derivatives??? 29°, dulcitol and mannitol®®® °°” and other carbo- 
hydrates.°°° In other work complex formation with boric acid has been patented as a 
method of separating some dihydroxy steroids?’ and vitamin B,?!° from their associ- 
ated impurities. Several enzymes have also been reported to be made insoluble in water 
by formation of a complex with boric acid, itself bound on a salicylic acid polymer.??° 
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SECTION Al19 
BORONIC AND BORINIC ACIDS 
BY P. L. STRONG 
INTRODUCTION 


This review is concerned with the chemistry of boronic and borinic acids, which are 
compounds containing, respectively, two boron—oxygen bonds and one boron-carbon 
bond, and one boron—oxygen bond and two boron-carbon linkages. Even though borinic 
acids are well-known by-products in the preparation of boronic acids, they have not 
been investigated to anywhere near the same extent as the boronic acids. This is 
mainly due to the greater tendency of the borinic acids to disporportionate. The 
nomenclature followed has been that in commonest usage. Recent rules of the 
Nomenclature Committee of the American Chemical Society, however, differ con- 
siderably and are therefore noted where appropriate.?©° Boronic acids are named as 
alkyl or aryl dihydroxyboranes, while borinic acids are dialkyl or diaryl hydroxy- 
boranes. 


OH OH 
ve | 
R—B R—B—R 
NE 
OH 
boronic acids borinic acids; R = alkyl or aryl 


When used as prefixes the names are dihydroxyboryl and hydroxyborylene, respect- 
ively. 

Most of the work with boronic and borinic acids as in other areas of boron chemis- 
try has been published since 1940, when the search began for boron compounds 
selective for brain tumours to be used in the neutron therapy programme. Since 
then a host of boronic-acid-containing compounds have been prepared, including 
pyrimidines, a variety of other heterocyclic compounds, azo dyes, diboronic acids, 
amino acids and many substituted aromatic derivatives. 


Reviews 


Both boronic and borinic acids have been the subject of an excellent review con- 
taining 388 references up to 1961.11° The outstanding work of Torrsell has been 
covered in a discussion ?°? of reactions including nitration, sulphonation, bromina- 
tion, Curtuis rearrangement, electrophilic deborination and complex formation 
with saccharides, and of effects on micro-organisms, enzymes and plants. Boronic 
and borinic acids appear in a survey of general organoboron chemistry which in- 
cludes tables of physical constants.21? The preparation, properties and reactions of 
boronic and borinic acids have received a general treatment.+*® The history of the 
development of boronic acid chemistry up to 1957 leading to a list of 59 substituted 
benzeneboronic acids has been given.® Some reference to boronic and borinic acids 
has been made in more general reviews of boron chemistry.19> 197: 261-2 
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Analysis 


Boronic and borinic acids can be titrated as strong acids after first complexing 
with mannitol 9® 9% 2°8 or they can be first oxidized to boric acid by fusion with an 
alkali metal carbonate, nitrate or peroxide and then titrated in the presence of 
mannitol. Micro-determinations are usually carried out with fuming nitric acid 
at 440°C followed by potentiometric titration of the boric acid. Trifluoroperoxyacetic 
acid has been used in this application.?°°~" 

Paper chromatography using n-butanol as solvent and alcoholic curcumin for 
detection gave R; values of 0-54 for boric acid and 0-89 for n-butylboronic acid. 
Colorimetric, photometric and spectrophotometric methods for determining boronic 
acids involve formation of red complexes of the borinic acid with curcumin?®?: 


HO OH 
+ RzBOH —> 
CH;0 nee = OCH; 


OH O 
HO S OH 
CH;0 LA Ita S ny OCH; 
6 Rares a) 
R-BSR 


A thin-layer chromatographic method for detection of impurities in borinic 
acids was developed using the procedure for formation of boroxazolidines by reac- 
tion with 1:2-aminoalcohols. These compounds are applied as ethanolic solutions 
to silica gel G plates and are eluted with a 3:2 mixture of chloroform-ethyl 
acetate.®° In addition, boronic acids are eluted on Kieselgel G using 1+1 v/v chloro- 
form-—ethyl acetate as the eluting solvent. Detection is effected by spraying with a 
saturated ethanolic solution of turmeric, heating for 10 min at 100°C and finally 
spraying with 10°% sodium hydroxide solution.?® 


BORONIC ACIDS 


Preparation of Boronic Acids 


Boronic acids are most often prepared from organic esters of boric acid by 


reaction with a Grignard reagent followed by hydrolysis.1’ ® 9 16 22; 26, 37, 46, 65, 74, 
89, 125, 127, 129, 132, 140, 190, 209, 211-12 


RMgX + B(OR)3 > RB(OR)z2 22°, RB(OH). 


Use of tetrahydrofuran as solvent in place of ether has given slightly better yields.°4 
Both alkyl and aryl diboronic acids?*1 and alkene boronic acids ®7 19% 259 have 
been prepared in this manner. Mechanism studies of the Grignard reaction with 
alkyl borates have shown the formation of the complex, RB(OR)3;MgBr, to be 
involved.** Boron trihalides may be used instead of esters.° Organolithium deriva- 
tives are often needed in place of the magnesium Grignard reagent; this appears 
to be especially true for more complex syntheses such as the preparation of hydroxy 
and amino boronic acids.®° Pyridine?*, picoline?*, thiophene?®°, and ferrocenyl 
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boronic acids 1% 1%, 226,239 as well as 2:2’-tolandiboronic acid!®° and ferrocene- 
diboronic acid*”” were all prepared using the lithium reagent. For example: 


orn 
B(OH). B(OH). 
2,2’-tolandiboronic acid Ono, 


ferrocenediboronic acid 


In addition, organomercury derivatives are used, usually with boron halides 
rather than with esters.® 1°* Examples are the preparation of 1:2-benzenediboronic 
acid +43 and iodomethaneboronic acid 1°: 248: 


OL . CL 
HgCl BCl, B(OH). 
(1) n-C,H7OH 


Nal 
ICH.HgI + BBr; ——~ ICH2BBrz2 oe 


ICH2B(OH), 


The reaction of biphenylene with boron tribromide and aluminium chloride or 
bromide gave, after hydrolysis, biphenylene-2-boronic acid and a diboronic acid 
presumed to be the 2:6-derivative. Powdered aluminium has been used as a catalyst 
in this type of reaction.2°* Composition of the product could be changed by varying 
the ratio of aluminium dust to boron tribromide. 

Oxidation of trialkylboranes to the corresponding alkylboronic acids is usually 
carried out with oxygen, hydrogen peroxide or perbenzoic acid.?’ 25212 The use of 
N-oxides in this reaction is eset to 228 cleaner products and better yields?*°: 


R3B+2R3N > ot S RB(OH)s +2R3N +2ROH 


Boronic acids and many diboronic acids, both 1:1- and _ 1:2-substi- 
tuted, have been prepared by hydroboration of unsaturated materials with 
diborane.*7—® 116 121,181,198 This method was utilized to prepare boronic-acid- 
substituted ureas and carbamates 111-142 in the typical two-stage reaction involving 
hydrolysis in the second step: 


O B(OH). O 


| | ! 
R2C=—CRNHCNH2 + BeaHe > ReC—CHRNHCNH2 


The fact that only one boronic acid was formed rather than mixtures was attributed 
to co-ordination of the diborane with the amino nitrogen, thus forming a 6-mem- 
bered ring. A related reaction is the preparation of 1:2-cyclohexane diboronic acid 
and 1:2-ethanediboronic acid by addition of tetrakis(dimethylamino)diborane(4), 
Bz[N(CHs3)e]4, to cyclohexene, followed by hydrolysis ®: 


B[IN(CHs)z]2 B(OH)e2 
(1) CH3OH 
io + Bo[N(CHs)2]la4 —~> ay eee CY 
B[N(CHs)zle B(OH)2 
Boronic acids are often prepared from other boron derivatives by hydrolysis, 
as shown in the above equation. Examples are boron halides** and borazoles.*® 


An unusual boron derivative is obtained by the isolation of hydromethylboronic 
acid from the hydrolysis of borane(3)carbonyl, BH3,CO?°®: 


H3B,CO = H,O —- (HO)2BCH,0OH 
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An interesting new approach for the preparation of aromatic boronic acids involves 
dihalogenoboryl radicals formed by irradiation of boron trihalides in the presence 
of aromatic compounds. Yields are usually low, however, and more work needs to 
be done to optimize the conditions and to determine the reaction mechanism.”> 151» 21° 

A novel approach to the synthesis of alkeneboronic acids was utilized in the 
preparation of 2-methylpropene-1:1-diboronate. This method involves the recently 
reported octamethyl methanetetraboronate’®° which reacts with methyllithium to 
give the trimethoxyboryl carbanion as a readily transferable nucleophilic unit. 
This carbanion reacts with ketones or aldehydes or give alkene-1:1-diboronic 
acids 225,271 : 

[(CH30)2B]4C + CH3Li — [(CH30)2B]3C]~ Lit 


CHs B(OCHs)2 ) 


(1) CH3CCH3 
we (2) (CH30)2BC1 


CH3 B(OCHs)2 


Physical Properties of Boronic Acids 


Boronic acids are usually crystalline solids which give the characteristic green 
flame displayed by most boron compounds. Alkylboronic acids are readily soluble 
in organic solvents and water. They are volatile in air and steam, and have a terpene- 
like odour and a sweet taste.2° Arylboronic acids are soluble in hot water and polar 
solvents. Their salts are white crystalline materials, soluble in hydroxylic solvents 
and insoluble in non-polar media; decomposition points are reported since they do 
not melt.1°° Melting points of the free boronic acids are often difficult to reproduce 
owing to ready dehydration to the anhydrides, which themselves have more charac- 
teristic melting points. However, melting points of most boronic acids are reported 
and are included in Table I. This Table is primarily intended to indicate the large 
variety of boronic acids, both simple and complex, which has been reported. It is 
not all-inclusive, since representative examples are included and many compounds 
of each type are omitted; however, the cited references contain information on 
compounds of similar type. 


Table I.—Boronic Acids: Formule, Melting Points and References 


Alkyl and Unsubstituted Aromatic Boronic Acids 


Formula Melting point (°C) References 


1. CHsB(OH)2 95—100° (sublimes 100°) 1 
2. CHsCH2CH2B(OH)2 105—110° 1 
107° 10 
3. CHsCH2zCH2CH2B(OH)2 93—94° 1 
85-87° 3 
4. CHsCH2zCH(CH3)B(OH)2 112° 1 
5. (CHs)sCB(OH)2 1 it 1 
6. B(OH). 218—220° 86 
220-221° 1, 208 
210—213° 141 
215-216° 259 
7. B(OH). 


ee) 225-227° 74 
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Table I.—(continued) 


Alkyl and Unsubstituted Aromatic Boronic Acids 


Formula Melting point (°C) References 
8. B(OH). 290°(decomp.) 200 
9. B(OH);~Li* 115°(decomp.) 100 
10. BC(OH)3~ Nat 170°(decomp.) 100 


137 


iz : 105°(decomp.) 137 


B(OH). 
13. y, 189 
B(OH) 
14. HOCH2B(OH)2 154 
B(OH)2 
15. CHs—C—CHs 151-153°(decomp.) 148 
OH 
16. ICH2B(OH)2 70-71° 169 
O 
I 
17. CHsCSCH2B(OH).2 100-101° 169 
O 
| 
18. CHsCSCH2CH2B(OH)2 72-715° 147 
19. HOz2CCH2SCH2CH2B(OH)2 104-108° 147 


Di- and tetra-boronic acids 


Formula Melting point (°C) References 
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Formula 
21. B(OH). 
: B(OH)2 
22s B(OH). 
B(OH). 
23. B(OH). 
NOz 
B(OH)2 
24. B(OH)2 


QO 
: 
0 
7 


26. B(OH). i 


B(OH)2 


27. (HO)2BCH2CH2B(OH)2 


B(OH). 
28. CHsCHCH2B(OH)2 


29. (HO)2B(CH2).B(OH)2 
B(OH)2 


30. CHe 
B(OH): 
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Table I.—(continued) 


Di- and tetra-boronic acids 


Melting point (°C) 
104—105°(decomp.) 


> 350° 


> 350° 


> 350° 


> 350°, having formed the 
monoanhydride 


> 350°, having formed the 
monoanhydride 


195—198° 
180-190°(decomp.) 
100-120° 


160°(decomp.)—slow heating 
170-177°(decomp.) immersed at 


140° and heated rapidly 
179-181° 


155-—155-5° 


References 


143 


194 


194 


85 


194 


194 


84 
116 
197 


181 


43 


154 


Oe 
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Table I.—(continued) 
Di- and tetra-boronic acids 
Formula Melting point (°C) References 
B(OH)2 
dl 
31. CH3CH 148-150° 198 
142-150°(decomp.) 116 
B(OH )2 
B(OH)2 
32. CHs3CH2CH 133-136°(decomp.) 181 
B(OH) 
33: / BOH)2 110°(decomp.) 225 
CH=C_ 
of B(OH)» 
34. B(OH). B(OH). 233-234° 190 
C=C 
eden B(OH )e2 
35. CH—CH 82 
£m oe 
Vinyl boronic acids 
Formula Melting point (°C) References 
36. B(OH)2 100-109° 65 
CH=CH, 110-112 
37. B(OH). 145-160° 65 
143-145° 259 
38. B(OH). 188-189° 65 
190-191° 259 
CH=—CHz 
39. CH2-=CHB(OH).2 1a 125 
40. CHsCH=CHB(OH). 82-85° 106 
86-87° 125 
rai 
41. CH,=C—B(OH).2 78-80° 125 
42. (CH3)2C—CHB(OH).2 87° 125 
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Table I.—(continued) 


Vinyl boronic acids 


Melting point (°C) 


289-290°(decomp.) 


References 


Formula 


43. B(OH)2 


“Oy 


CH=CHNO, 
44. B(OH)2 205-212° 191 
é i 
CH=—CHCCH3; 
45. B(OH) 119-5-121° 172 


- 


I 
CH,0CC=CH2 
H, 


Substituted aromatic boronic acids 


Formula Melting point (°C) References 
46. B(OH). 240°(decomp.) 92 
OH 
47. B(OH)2 225°(decomp.) 209 
OH 
48. B(OH). 241-242° 73 


Q 
fe) 
eo 


49. B(OH). 187-5-190° 3 


OH 190° 254 
Br 
50. B(OH)2 191-192° 57 
Br 
OH 
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Substituted aromatic boronic acids 


Melting point (°C) References 


Formula 


51. B(OH)2 


CH; 


Or 


54. B(OH)e2 


Or 


CHOH.CN 
55. B(OH)e2 
OCH2CHOH.CH20H 


©Q- 


56. B(OH)2 


ee, 
fe 
a 


° 
fe 
z 


e a: | 
le) 
: 2 


266—268°(decomp. ) 


100—-101° 


97-98° 


approx. 104° 


133-135°(2 torr) 
177—180°(19 torr) 


106—109° 


208-210° 


144-145° 


130-5-131° 


209 


202 


191 


57 
69 


259 


259 


hd, 
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Formula 

60. B(OH). 

em 
61. B(OH). 

SCH; 

62. B(OH). 

ei 
63. B(OH), 9 


Q 
= 
i 
Cy 
= 


64. B(OH). 
oO 
65. B(OH)2 
: CH; 
66. B(OH)2 
CH3 
67. B(OH)2 
C,H; 
68. B(OH). 


Br 
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Table I.—(continued) 


Substituted aromatic boronic acids 


Melting point (°C) 
209-—210° 


209—209-5° 


approx. 58° 


104-5° 


166-168° 


166-—167° 


261-—262:5° 


93—93-5° 


286—289° 


References 


83 


3, 254 


149, 160 


149, 160 


259 


259 


Z59 


259 


209 


a 
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Table I.—(continued) 


Substituted aromatic boronic acids 


Formula Melting point (°C) References 


69. B(OH). 142-148° 202 
139-146° 191 
or 143-150° 160 
70. B(OH). 214-216° 202 
CH.Br 
71. B(OH). 165—168° 202 
138-144° 191 
CH.Br 
(ea B(OH). 163° 202 
cr 
73. B(OH). 160-165° 202 
Or. 
74. B(OH). 160—170°(decomp.) 202 
CHBr2 
75. B(OH). 85°, dehydrates, melts 150-152° | 155, 180 
: CH,C=N 
76. B(OH). 214-215° 57 
CH.CN 
#4 B(OH). 188-193° 57 


Oy 


CH2CH.Cl 
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Table I.—(continued ) 


Substituted aromatic boronic acids 


Formula Melting point (°C) References 


78. B(OH)z2 219-220° 191 
= 92 
COOH 
79. B(OH). 250—260°(decomp.) 14, 19 
om 
COOH 
80. B(OH)2 220—-230°(decomp. ) 204 
NO. 
COOH 
81. B(OH). 165-166° Si 
CH2zCOOH 
82. B(OH)2 230—233° 209 
COOCH; 
83. B(OH). 242-—244° 204 
; NOz 
COOCH;3 
84. B(OH). 162-164° 57 
COOC;3H, 
85. B(OH). 139-2-140-8° 208 
140—142° 153 
NO. 


O- 
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Table I.—(continued) 


Substituted aromatic boronic acids 


Formula Melting point (°C) References 
86. B(OH). 273° 36 
; NOz 
87. B(OH). 305°(decomp.) 208 
NO, 
88. B(OH)2 142° 14 
Om 
O.2N NO, 
89. B(OH). 110°(decomp.) 209 


NO2 


O- 


COONS: 


90. B(OH). oil 204 


Or 


NO, 
COON; 
91. B(OH). 115-123° 202 
118-120° 191 
CHO 120-123° 192, 259 
110—120° 166 
92. B(OH). 12° 202 
. CHO 
93. B(OH). 230-240°, 202 
sinters to glassy mass, 240° 191 


~O- 


CHO 
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Table I.—(continued) 


Amino-boronic acids and their derivatives 


Formula Melting point (°C) References 


94. B(OH). 179-180" 209 
NH, 175-176 153 
95. B(OH), 92-8-93-8° 208 
j NH. 
96. B(OH). > 300° 92 
NH. 
97. B(OH). 142-143°(decomp.) 209 
on 
NH. 
98. B(OH). 224°(decomp.) 204 
| NO. 
NH, 
99. B(OH)2 250-255°(decomp.) 14 
oO - 
H.N 
100. B(OH). 163°(decomp.) 14 
; CHs3 
H.N NH, 
101. H2NCH2CH-2B(OH)2.2H2O 160°(decomp.) 165 
102. B(OH). 270—-275° 14 
225. 
N(CHs)2 
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ES ee 


103. 


104. 


105. 


106 


107. 


108. 


109 


110. 


Gee 


112. 


113. 


QQ 


Br 


O- 
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Table I.—(continued) 


Amino-boronic acids and their derivatives 


Melting point (°C) References 


Formula 


B(OH): 
CH2NHC(CHs)s 


B(OH). 
OCH2CH2N(C2Hs)2 


B(OH)2 


OCH2CH2N(C2Hs)e 


. (C3H7)2NCH2CH2eCH2B(OH)e2 


QO 


CH2CH2B(OH)2 


NH2. HCI 


B(OH)2 


CH2zNHC,Hs.HCl 


. [HsN*CH,CH.B(OH),]* Br- 


Q- 


B(OH)2 


NHa2 


COOH 


Or 


B(OH)2 


NHe 


COOH 


QO, 


B(OH)2 


CH.z.CHCOOH 
NHe 


B(OH)2 


CH2C(COzH)2 
NH, 


95-137" 


116—-118° 


115-118° 


164-167° 


107° 
190-192° 


169-171°(decomp.) 


106—108° 


180-190°(decomp.) 


> 360° 


252—262° having formed its 
anhydride 


779 


146 


a7 


69 


168 


99 
187 


146 


165 
209 


204 


164, 174 


54 
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Table I.—(continued ) 


Amino-boronic acids and their derivatives 


Formula Melting point (°C) References 
114. B(OH). 285-—290°(decomp.) 191 
aise lg 
NH2 
115. B(OH). 252°(decomp.) 204 


© 


CONH,. 
116. B(OH )2 300-301° 194 
: NHCOCH;3 
117. B(OH). 250° 14 
274-275° 204 
NHCOCH3 
118. B(OH)2 193-196° 14 
NHCOCHS3 
119. B(OH). 230-231° 209 
NO2z 
NHCOCH3 
120. (OH). 246°(decomp.) 204 


7 


NOs 

NHCOCH; 
121. CH2CH2B(OH)2 ob A ie 187 
NHCOCH; 


©- 


122. CHsCONHCH2CH2B(OH),. 90-95S° 165 
Refs. p. 806 


i lie 


Boronic and Borinic Acids 781 
Table I.—(continued) 
Amino-boronic acids and their derivatives 
Formula Melting point (°C) References 
123. B(OH)e 290°(decomp.) 209 
NHCOC,Hs 
124. B(OH)2 Indefinite 142 
ot 
125. B(OH). 215—218° on fast heating 54 
200—203° changes to needles, 
- aay melts 240° 
126. NO, 220-230°(decomp.) 209 
(HO).B —NHCONH B(OH) 
Pee 249°(decomp.) 204 
Go = 
128. H2ENCONHCH2CH2B(OH)-. 102-104° 111, 142 
129. CHs3CONHCONHCH2CH2B(OH)2 | 227—228° 165 
Ce aoa 
130. S *+Br- 130—200°(decomp.) 148 
| 
HezNC=NH2 
131. B(OH)2 202-203° 14 
NHCOOC.H; 
132. B(OH)2 209° 204 
NO, 
NHCOOC:H; 
133. BCOH)2 215-—220°, having formed its 124 
©) anhydride 
| NHCOOC.H; 
134. CsH;CH2O0CONHCH2CH2B(OH), | 106-108° 142 
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Table I.—(continued) 


Amino-boronic acids and their derivatives 


Formula 


135. CoHsOCONHCH2CH2B(OH)2 


136. B(OH). 


~O- 


CH=NHNH,2 


137. B(OH). 


~O- 


138. B(OH). 


Oy 


CH=NNHCSNH2 


cu—nnu_())no. 


Melting point (°C) References 


Boronic and borinic acid transition metal complexes 


Formula 


B(OH) 


eect 
uw 
= 


o 


CH2N(CHs)2 


© &@ 


29. 
ca 


141. B(OH). 


© @ 


T} 
oO 


B(OH)2 


Gr 
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142 
191 
202 
204—205° 202 
Melting point (°C) References 
143—148°(decomp.) 
142-148° 
177-178° 134, 163, 
171 
180°(decomp.) 177 
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Table I.—(continued) 


Boronic and borinic acid transition metal complexes 


Melting point (°C) 


159-161° 


Formula References 


204-214° 226 


221°(decomp.) 


Heterocyclic boronic and borinic acids 


Formula Melting point (°C) References 
145. @lnn > 300° 94, 108 
N ° 
146. B(OH)e > 300° 108 
© 
147. BC(OH)2 135° 56, 73 


C=C 
O 
148. COOC2Hs 196—198° 147 
(Ho. g 


149. COOH 196-5-197-5° 138 
a aie 


COOC.H; 195-—210° 138 
(HO)2B 


oe 196:5—197-5°(decomp.) 38 


(HO)2B 
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Table I.—(continued) 


Heterocyclic boronic and borinic acids 


Formula Melting point (°C) References 


152. — COOC.Hs 196-198° 38 
eee ilk pl 
NH 

153, Gees a CsHs 170-174° 38 
Koel _N 


154. B(OH). approx. 330°(decomp.) 90 


Z 


()- 


Z 


ee> 115-117° 152 


® 
O° 
S 


8: 


Fh 
a 
OQ 

Z 


a 


a 
on 
Be 
oO 
i x 


2 115-117° 90 


° 

e 

= 
rn 
Cy 
° 


4 


2) 
fe 
= 


1D7. 87—89° 152 


& 
S 
& 


OCH2C.Hs 


O- 


Z, 


{ 


Z 


° 
6 
= 
- 
is 


108-111° 147 


Z, 


© 


Z 


SCH2CH.B(OH)2 


Ho: ae 144-146° 166 


CeHsN NCoHs 
B(OH). 


160. 297—299° 166 


N 
N B(OH), 
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Heterocyclic boronic and borinic acids 


Formula 


161. 7 
C. 


x 
NCHaB(OH). 


C 
| 
O 
162. C.eHs | 
ees LOH nt 


163. CsHs Br 


: 
—w | 
Yj 

2 


2) 
on 


o 
wr 
w © 


CHz2NO2 


a 
a 
S 
© en 


OH 
167) CHLCN 
Bo 
| 
OH 
COOH 
Bw 2 
| 
OH 
169. CH,COOH 
O 
Fa 
OH 
oe 
B 
FT 
CH. 
170. | | 
CH, O 
Ni 
i 
OH 


Melting point (°C) References 


134—135° 


123-124° 


116° 


264—265° 


258—263° 


117-119° 


107—109° 


141-142° 


128-130° 


147-148° 


169 


159 


159 


192 


253 


166 


166 


166 


178 


154, 156, 
169, 247 
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Heterocyclic boronic and borinic acids 


Formula Melting point (°C) References 


171. OH 


: 165 
B 
0 aye 
| tse 
C,H,OC Yo © 
ie Sn }243-243-5°, having formed its 192 
l | anhydride 
* ZN Ht 
| 
OH 
173) SS 1295-299° 166 
| 
N*—CONH2 
| 
OH 


174, 7) 123-125° 86 
B(OH)2 
S 
HTS. | | B(OH)2 (decomp.) 150 
l : Ibe. 
176. yeti Ge acne 135-—180°(decomp.) 150 
S 


Tis | | (decomp.) 150 
178. | | 130—140°(decomp.) 150 


179. ° 
=. “Sy 150-164°(decomp.) 150 
S 
ean. 2NH* 
| 
OH 
180. ou 147-153° 150 
B 
: Cars *CeHs 


OO 156°8—157-5° 3, 254 
= . : 
182% S B(OH)2 dehydrates 170°, melts 215-216° 254 ; 
of WS 210 3 
S j 
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Table II.—Borinic Acids: Formule, Melting Points and References 


Melting point (°C) 


Formula References 


CH3 
N 
183 BOH b.p. 56° (760 mm) 175 
rh 
CHs 
184 es 264° 1 
OrO) 
185. sds Unstable oil- 16 
-OtOm 
161 


105-106° 


Cryoscopic molecular-weight experiments indicate no dimerization or associa- 
tion for aryl- or alkylboronic acids in nitrobenzene or dioxane. However, some 
association was indicated in benzene. Dipole-moment data indicate no association 
in either benzene or dioxane.? 2! 

The strong infra-red absorption of boron—oxygen in the 1,300—-1,400 cm~? region 
when accompanied by an absorption in the 3,200—-3,450 cm~! (hydroxyl region) is 
a valuable aid in recognizing the BOH functional group.® 12: 12:172)178 Diboronic 
acids show two absorptions in the hydroxyl region, one at lower frequency attributed 
to hydrogen bonding and one without hydrogen bonding. Monoboronic acids show 
only the hydrogen-bonding absorption.?11 Salts of boronic acids usually absorb at 
a lower wave number.® ?® In addition, a band at 1,020-1,030 cm™? is assigned to 
the boronic acid function.?°* Disappearance of this band and the hydroxyl absorp- 
tion in the 3,300 cm~? region, when accompanied by a strong absorption between 
680-704 cm~?, are indicative of formation of the boronic anhydride.*?% 2°* 26° 

A review of ultra-violet studies of boronic acids has been reported.?°° In order 
to obtain reproducible spectra, the free acids should be examined in aqueous sol- 
vents to avoid dehydration to the anhydride. Conversely, ultra-violet spectra of 
boronic anhydrides should be carried out in anhydrous systems. 

Benzeneboronic acid gives an ultra-violet spectrum similar to that of a substi- 
tuted benzene and essentially the same as that of a benzoate anion. Substituent 
effects are smaller for the boronic acid, however.?°° 

Ultra-violet evidence for electron delocalization between the phenyl group and 
boron has been obtained.?°® 18: 259 Also, delocalization from oxygen to boron 
was supported and this delocalization is said to be greater with boron—oxygen 
than with boron-halogen groups. Methyl groups on aromatic rings have very 
little influence. The electronic structures and spectra of benzene, toluene and styryl 
boronic acids were calculated using the Pariser—Parr—Pople method.?°® 

11B-nuclear-magnetic-resonance (n.m.r.) chemical shifts for methyl-, butyl- and 
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661 


661 
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CST 
CSC 
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Table IV.—! B-n.m.r. Data for some Boronic Acids with 
Trimethylborate as Reference *°? 


Compound Chemical shift, 6 
B(OH)s3 —0:7 
CH3B(OH).2:H20 — 13-8 
(CH3BO)s3 —15-1 
(CH3)2BOH — 36°5 
C.HsB(OH).2 — 15-2 


benzeneboronic acid have been recorded along with data for the anhydride and 
borinic acid of the methyl derivative (Table IV). 

11B-n.m.r. spectroscopy has been an important tool in investigating the mechanism 
of salt formation between the boronic acids and a base. The usual pathway involves 
addition of the base to the boron atom and this leads to a large upfield shift (~ 25 
p.p.m.) accompanied by a narrowing of the 1B resonance. Salt formation with loss 
of a proton leads to a downfield shift (approx. 5 p.p.m.) and a large broadening of 
the ‘1B resonance. These data are illustrated in Table V. 


Table V.—Effect of Salt Formation on +B Resonance in Boronic Acids**8 


Line width (Hz) 


Chemical shift 
(p.p.m. relative to 
boron trifluoride 
etherate) 


Compound 


Ethanol 22 
Ethanol-S°, KOH 2,500 
+ 
ire 
BOH 
Ethanol 233 
Ethanol-5S°% KOH 162 
+ 
dit 
: BOH 
CsH;B(OH)2 Ethanol 272 


Ethanol-5°% KOH 80 


Proton n.m.r. data are recorded in Table VI. It should be kept in mind that OH 
resonances are sensitive to temperature and concentration owing to hydrogen- 
bonding effects. 

The calculated p.m.r. and ?4B-n.m.r. spectra of a series of p-substituted benzene— 
boronic acids revealed a linear correlation with Hammett o constants indicating 
the possibility for n.m.r. use in determining substituent effects on electron densities.?? 

A mass-spectral study of ferrocenylboronic acid showed no rearrangements which 
might involve Fe—O bond formation. Intramolecular hydrogen bonding involving 
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Table VI.—P.M.R. Data for Boronic acids, Relative to 
Tetramethyl Silane at Room Temperature 


Solvent 7(OH) | JC@?CH) t(CHs) Reference 


D,O 4:54 


Compound 


B(OH)s 193 
CH;3B(OH)2 D20 5:02 116 9-54 193 
(CHs3)2B(OH) Neat liquid 6°65 117 9-07 193 
(CH3BO)3 Neat liquid 117 9°75 193 
2-CgHs-CsH.4-B(OH)2 (CH3)2SO0 oi 199 
ICH2B(OH)2 D20 5°43 (CHe) 7:75 169 


the BOH group and Fe atom was also not observed. The mass spectrum of ferro- 
cenylboronic acid was compared with that of phenylboronic acid and the two 
aromatic boronic acids were shown to display very different patterns. Hydroxyl 
radical loss was important in the phenyl analogue while elimination of water was 
more important for the ferrocene compound. Evidence favoured a weaker bond 
for phenyl—boron than for ferrocene—boron.?*® 269 

An electron-diffraction study of methaneboronic anhydride indicates that the 
methyl groups are bonded to boron and are in the plane of the boroxine ring.?°° 

The heat of hydrolysis of liquid n-butylboronic anhydride in giving solid n-butyl- 
boronic acid was determined as —48-5+0-6 kJ mole~+ (—11:6+0:15 kcal mole~+). 
The heat of solution of n-butylboronic acid in water is 11-2+0-3 kJ mole~? (2:67+ 
0:06 kcal mole~+).2°? For methane—boronic acid the heat of sublimation was found 
to be 64:0 kJ mole~+ (15:3 kcal mole~+). 


Chemical Properties of Boronic Acids 
GENERAL REACTIVITY 


Boronic acids are comparable to aldehydes in that they reduce Fehling’s solution 
and on dehydration they yield trimers which are similar to those obtained from alde- 
hydes.® Boronic acids are electron-deficient molecules and as such they possess a 
high degree of electrophilic reactivity. This behaviour is evidenced by the formation 
of co-ordination compounds and by their rather special behaviour with bases. 
Aqueous solutions of boronic acids are weakly acidic!» 1®’; however, they can be 
titrated as strong acids after co-ordination with mannitol.’® This increase in acidity 
on co-ordination with polyhydroxy compounds is general and emphasizes the fact 
that boronic acids are not proton donors but are hydroxide acceptors.5? 12° The 
variation of dissociation constants of aromatic boronic acids with methanol con- 
centration in aqueous methanol differs from that of other organic acids.157 Acid- 
dissociation constants have been measured for many acids. Phenylboronic acid is 
three times as strong as boric acid. Alkyl-substituted boronic acids are about one- 
tenth as strong as the phenyl derivatives'%°®, and benzylboronic acid has about the 
same strength as phenylboronic acid. The acidity of boronic acids is increased by 
substitution of electronegative groups and decreased by ortho substitution.2!2 Dis- 
sociation constants of several boronic acids are listed in Table VII. As mentioned 
above, boronic acids are readily converted to anhydrides and salts.?1? 

Aqueous solutions of boronic acids reduce hot alcoholic silver nitrate solution.2® 
They are more stable towards air oxidation than the corresponding borinic acids 
and boranes and in this context, aromatic boronic acids are more stable than their 
aliphatic counterparts.% *® 212 Polymethylenediboronic acids are more resistant to 
oxidation than the monoboronic acid derivatives. Aromatic diboronic acids require 
temperatures greater than 230°C for dehydration and the resulting anhydride poly- 
mers melt at above 400°C. Mono-aminobenzeneboronic acids decompose on ex- 
posure to air; the acetyl derivatives are, however, stable. Also, toluene—boronic 
acids decompose during nitration while carboxy and nitro derivatives do not.14 

Optically active 1-phenylethylboronic acid is readily auto-oxidized, especially in 
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Table VII.— Dissociation Constants of Boronic Acids 
Compound K, (x 107?°) Solvent Reference 

Phenylboronic acid 13-7 (19) H.O 219 (35) 

1:97 25% aq. C-H;0H 219. 216, Zee 

1-64 50% aq. CoH;OH 219, 218 
o-Tolylboronic acid 1:81 2 219 

0-261 25% aq. Cc-H3;0H 219 
m-Tolylboronic acid 1-40 25% aq. C2H;0H 219 
p-Tolylboronic acid 1-00 25% aq. C2H;OH 219 
o-Chlorophenylboronic acid 14-0 25% aq. C2Hs0H ai] 
m-Chlorophenylboronic acid 14-5 (13-5) 25% aq. C.H;0H 217 (218) 
p-Chlorophenylboronic acid 6:23 (6:30) 25% aq. C.H;OH 217 (218) 
m-Fluorophenylboronic acid 11-0 25% aq. C2-H;0H 218 
p-Fluorophenylboronic acid 3-66 25% aq. C.H;0H 218 
m-Bromophenylboronic acid 14-6 25°%% aq. C2H;0H 218 
p-Bromophenylboronic acid 7:26 25% aq. C-Hs0H 218 
o-Nitrophenylboronic acid 5:6 25% aq. C2-HsO0H 218 
m-Nitrophenylboronic acid 69 25% aq. C2H;0H 218 
p-Nitrophenylboronic acid 98 25% aq. C.-H;OH 218 
m-Carboxyphenylboronic acid 1:12 (2nd K,) 25% aq. C.H;OH 218 
p-Carboxyphenylboronic acid 1:90 (2nd K,) 25% aq. C2H;0H 218 
p-Phenoxyphenylboronic acid 0-116 50% aq. C2eH;0H 218 
o-Phenethylboronic acid 0-910 25% aq. C2.H;0H aly 
m-Phenethylboronic acid 3-05 25% aq. C-H;0H pa 
p-Phenethylboronic acid 0-608 25% aq. C2H;0H 217 

0-116 50% aq. C-H;0H 218 
a-Naphthylboronic acid 0-888 25% aq. C2-H;0H 219 
B-Naphthylboronic acid 2°60 25% aq. CeH;0H 219 
Benzylboronic acid 7:55 H2O 219 

1-49 25% aq. C.H;OH 219 
B-Phenethylboronic acid 1-00 20 219 

0-181 25% aq. C.-H;0H 219 
n-Butylboronic acid 0-182 20 219 

0:0344 25% aq. C.H;0H 219 
o-Diphenylylboronic acid 0:00984 50% aq. C.-H;OH 219 
m-Diphenylylboronic acid 0-185 50% aq. C.-H;OH 219 
p-Diphenylylboronic acid 0-158 50% aq. C2H;OH 219 


dilute organic solvents, and must be handled with care in an inert atmosphere. It is 
claimed as the most reactive boronic acid yet reported.1° Vinyl boronic acids poly- 
merize rapidly on exposure to air.??° 

Boronic acids appear to have very weak directing effects in aromatic substitu- 
tion.1*: 294: 209 The B(OH). group is meta-directing in nitric acid solution and ortho- 
para-directing in acetic anhydride. Evidently the acetic anhydride carbonyl group 
co-ordinates with boron and reduces the aromatic—boron electron sharing.** %® 2°8 


B(OH). B(OH). 
HNO; 
“HeSO, 
NO, 
(70-85%) 
B(OH)2 B(OH) B(OH)2 
NO. 
HNO; 
O (CHCO),0 =i 
NOz : 
(10%) (70%) 
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Nitration attempts with m-tolyl, 2-thienyl-, 2-naphthyl-, and p-methoxyphenyl- 
boronic acids resulted only in decomposition products which were evidently due to 
deborination reactions in the acidic solution. 

The B(OH). group participates readily with reactive neighbouring groups?%°: 


B(OH)2 


Q-0-O7 D0 foes 


B(OH), B(OH): B(OH)2 
Ws 


Neither the oxime nor the alcohol resulting from o-formylbenzeneboronic acid 
could be isolated. Instead the heterocyclic compounds resulting from neighbouring 
group dehydration were obtained +8”: 1°?; 


OH 
HO— po B—o 


Oe 


The borono—amino-acid o-boronophenylalanine does not show the characteristic 
zwitterion behaviour of most amino acids. This fact is attributed to co-ordination 
of the boron atom with the amino group of the amino-acid ?°* 174: 


CHe 
IGHGOOH 


NH 

zk 2 
BY 

O OH 


However, 2-aminopropylboronic acids appear to exhibit the normal zwitterion 
behaviour.*®> The aminoboronic acid, 2-dimethylaminomethylferroceneboronic 
acid, is soluble in both aqueous acids and bases and passes through an iso-electronic 
point.134 

A series of heterocyclic boron—nitrogen CB neiies have been classed as ‘hetero- 
aromatic’ and much evidence has been put forward to show their aromatic proper- 
ties (ultra-violet spectra, hydrolysis rates and stability to acids and bases) ?9%?: 


| O 
NSBOH noe 
we NH 


IV 


In this respect, the borazaro—phenanthrene, IV, was found to be a proton acid 
and not a hydroxide acceptor.1°? This behaviour is unusual in boronic acids. 
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Boronophthalide shows chemical stability greater than that of most boronic acids 
in refluxing hydrochloric acid or potassium hydroxide. Deborination is also very 
slow with this compound. It may be nitrated in fuming nitric acid. Resistance to 
dehydration is shown by heating it at 80°C at 1 torr and by refluxing in thionyl 
chloride.1°® The hydroxyethyl derivative of boronophthalide shows the expected 
intramolecular co-ordination from oxygen to boron; it also forms an unusual 
dimeric anhydride via a bimolecular reaction?”®: 


/CH2CH20, 
CH,CH,OH le 5 
i —. 0 Q 
Bo B Cc 
iN OCH CH. |. oH: 


Methanetetraboronic esters are prepared by reaction of dimethoxyboron chloride, 
(CH30)2BCI, with lithium and carbon tetrachloride in tetrahydrofuran. However, 
attempts to prepare the free boronic acid failed owing to deborination to methane- 
diboronic acid. The difference in hydrolytic stability of the ester and the correspond- 
ing free acid was attributed to steric factors.1°° This interesting method for forming 
carbon—boron bonds appears significant for future synthesis. 


Particular Reactions of Boronic Acids 


The following discussion of the reactions of boronic acids is divided into three 
parts: (1) reactions which involve the B(OH)z2 group itself under the heading ‘ Prepara- 
tion of Boronic Acid Derivatives’; (2) reactions which remove the B(OH). group from 
the original organic compound under the heading ‘ Deborination Reactions’; (3) reac- 
tions which have been carried out successfully in the presence of the B(OH)z2 group 
but do not involve this functional group directly under the heading ‘Compatible 
Reactions’. 


PREPARATION OF BORONIC ACID DERIVATIVES 


Anhydrides 
Boronic acids are easily converted to trimeric anhydrides by removal of water. 
O 
R—B~ ~B—R 
3RB(OH)2 —~> | | +3H,O 
R 


The resulting anhydrides are B-trisubstituted boroxines which have more reproducible 
melting points and are commonly used as derivatives for characterization of boronic 
acids. Formation of the anhydrides can be carried out by heating in a vacuum, by 
storage over phosphorus pentoxide or sulphuric acid, or by azeotropic removal of 
water using benzene, toluene or chloroform.':1°® A dimeric four-membered ring 
anhydride is formed from the sterically hindered mesitylene boronic acid *°* 74°: 


CH, CH, 
O 
H.C BO SB CHs 
O 
CH, CH, 


Mixed boronic and carboxylic anhydrides are formed with appropriately substituted 
boronic acids.155 18% 205 
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Esters 


Another common derivative of the boronic acids is the ester formed from the 
reaction with a selected alcohol. 


RB(OH)2+ 2R’OH — RB(OR’)2+ 2H20 


The reaction is carried out by converting the boronic acid to the anhydride and then 
refluxing this with the alcohol.*°® *°.127 Boronic acid esters are also formed by 
azeotropic removal of water with benzene and xylene*! or by warming with alcohol 
on a steam bath.*® 299 

Treatment of boronic acids with 1:2- and 1:3-diols gives the five- and six-mem- 
bered dioxaborolanes and dioxaborinanes respectively.®* °° 87 155, 185 


RB(OH)2 + R’O—CH2CH(OH)CH20H — R’OCH2 


O +2H2O 


BR 


At 
—O 


A procedure for purifying and characterizing boronic acids is to prepare the cyclic 
catechol di-ester.1°° Another application of the reaction with 1:2-diols is the forma- 
tion of 2’:3’-esters of the cis-glycol groups on the sugar unit of the four common 
nucleosides: 


Z CH,0OH 
O 


Z = adenosine, uridine, guanosine, cytidine residues 
QO O 
4 


i 


CeHs 


Such a boronic ester has been used as a protecting group during phosphorylation, 
tosylation and tritylation. It can be prepared from the diol or the monophosphate 
and can easily be removed in water or with anhydrous propane-1 : 3-diol.176 

Phenylboronic acid, like boric acid, complexes with sugars and other poly- 
hydroxyl compounds. Acidity of the boronic acid is thereby increased and the 
complex may be titrated as a strong acid 9® 9% 2°: 


HOH2C 
O 


H® Keq = 5:2 x 108 
OO 
\ 
2Be 
CsH; OH 


A review of this reaction has been published.!29 

Mixed esters with titanium ®* and with tin 9° have also been reported. Co-polymers 
of CsHsNHCH2SiCH;(C2Hs)2 and phenylboronic acid (1:1) show more hydrolytic 
stability than do poly-organoborosiloxanes which contain no amino groups.®°° 

The amino-acid, 8-quinoline boronic acid (I), is an effective bifunctional catalyst 
for promoting the hydrolysis of 1:2- and 1:3-chlorohydrins to diols.62-% 71» 265 The 
same catalytic behaviour is exhibited by 2-(2-boronophenyl)benzimidazole (ID), 
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2-(2-boronobenzyl)benzimidazole and, to a lesser degree, by 2-(2-pyridyl-2-ethyny])- 
benzeneboronic acid (III).’® 224: 2°° 


0 GD Q-0 


B(OH)2 B(OH)s B(OH). 
(1) (II) (IIT) 


Both functional groups participate in performing the catalysis. The hydroxyl group 
first co-ordinates with the boron atom and the amino function then aids the chlorine 
removal. 


Amide and Amine Complexes 


Boronic acids form crystalline complexes with a variety of amines?29% 1° 212, e.9. | 
ammonia, hydrazine, hydroxylamine, diethanolamine® ** *° 117-249, pyridine*” ??7 
and aliphatic amines.?2! A brucine complex was involved in the resolution of optic- 
ally active 1-phenylethaneboronic acid.?°” 

The reaction of boronic acids with orthophenylenediamine to give the B-nitrogen 
heterocyclic compounds, borabenzimidazolines, is often used to prepare crystalline 
derivatives 106, 155, 251, 259 : 


NH. NH 
CsH;B(OH),2 oF ——S /B—CeHs 
NH2 NH 


Aliphatic 1:2-diamines do not undergo the corresponding reaction.°° 


Halides 

A convenient method of preparation of boronic acids is usually the hydrolysis of 
the corresponding halogen derivative. However, the reverse reaction can be carried 
out by treating the boronic acid with boron trichloride, phosphorus pentachloride, 
or aluminium chloride.>® ®1> +29 


Salts 

Salts of boronic acids are prepared by addition of the desired metal hydroxide to 
a concentrated aqueous solution of the boronic acid followed by precipitation with 
iso-propyl alcohol.?°° 238° In this manner lithium, sodium, potassium, calcium, 
barium and strontium salts have been isolated. Benzeneboronic acid is regenerated 
from its sodium salt by reaction with magnesium chloride: 


MgCl, + 2Na[CsH;B(OH)2] —~ 2C,HsB(OH)2 + Mg(OH)2 + 2NaCl 


The salts exist as Lewis-base adducts in which tetra-coordinated boron is involved. 
Little research has been done with salts of boronic or borinic acids and most of 
this has been published since 1964.1°° 


Reduction Products 


Reduction with lithium aluminium hydride gives the corresponding borane 
compounds 15°: 179. 246-7, 


fi 

B S 
ae LiAlH, ne 
_C=O C=O 

CH CH, 
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Reaction Conditions 


Boronic acids undergo cleavage of the boronic acid function under a variety of 
conditions by reaction with acids, oxidizing agents (halogens, hydrogen peroxide, 
gaseous oxygen, chromic oxide and potassium permanganate), transition metal 
salts (mercury(II) chloride and bromide, silver nitrate, copper(II) chloride, cadmium 
bromide and zinc chloride), and bases (water, sodium hydroxide, ammonia and 
hydrazine).2%; $8". 49-9, 64, 80, 88, 119, 126, 203, 258-8» Reviews of, this cleavage. reaction 
have been given.® '?° The versatility of substituents obtained from deborination 
reactions recalls the well-known Sandmeyer reaction with amines °°: 


Cl 
CuCl, O. 
NO, 


HgCl 
HgCl. 
NOz 
NO2 
NO, 
OH 


Alkyl boronic acids are more stable towards deborination than aromatic deriva- 
tives.271? The more positive the substituent on boron, the more resistant is the acid 
to attack by electrophilic agents.1* 

o-Chlorobenzeneboronic acid is reported to form benzyne in the presence of a 


strong base®: 
B(OH). 
+tert-C,H,0K —“° 


Cl 
| + KCI + [tert-CsHgOB(OH)z] 


The same reactive intermediate forms during the aprotic diazotization of o-amino- 
benzeneboronic acid with iso-amylnitrite.15* 

Electrolytic oxidation resulted in deborination of n-butylboronic acid, but 
benzeneboronic acid was ineffective.1®°* Cleavage of ethane-1:1-diboronic acid 
with mercuric chloride gives ethylidenedimercuric chloride or an ethylene-mercury 
polymer 16-147: 


CHs 


| 
CH,;CH[B(OH).]2 + HgCl, "5 CHsCH(HgCl), or Cl(—CH—Hg—),Cl 
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The isomer, ethane-1:2-diboronic acid, when treated similarly gives ethylene, boric 
acid and mercurous chloride, but no organomercury compound. 

The B(OH), function in [2-(dimethylamino)methyl] ferrocene boronic acid was 
easily hydrolyzed to the hydroxyl or methoxyl group in aqueous and methanolic 
bases.'** Stirring at 50°C with copper(I) chloride or bromide gave the halogeno- 
amines ?%4):1%2.; 


B(OH). Br 


CH2N(CHs)2 CH2N(CHs)z2 


CuBr 
Fe ——> Fe 


An attempt to apply this type of reaction to tricarbonylcyclopentadienylmanganese 
boronic acid and the rhenium analogue failed to give the halogeno derivatives. 
Instead, copper salts were found to accelerate hydrolysis of the B—C bond in a 
hydrolytic deborination reaction.?7° 

Ferrocenylboronic acid undergoes ordinary hydrolytic deborination when heated 
in hot water, but its aqueous recrystallization can be carried out rapidly.‘”” The 
boronic acid derivatives of tricarbonylcyclopentadienylmanganese and rhenium are 
also readily hydrolyzed by water.?7° 

Thiophene-2: 5-diboronic acid hydrolyzes to thiophene and boric acid. It undergoes 
hydrogenolysis with Raney nickel to give tetramethylene diboric acid.?11 

Hydrolysis of alkene-1:1-diboronic acids also occurs easily 2°: 


(CHs)2C=C[B(OH)2]2 —"“"""_, (CHs)2C-—=CHB(OH)2 


Both exo- and endo-5-norbornene-2-boronic acids react with mercuric chloride 
to give nortricyclylmercuric chloride: 


+HgCl, —22> ClHg- 
iO leh, tos neste mimoroanatisi anak B(OH); 
H H 
ClHg + B(OH), 


The exo-isomer which involves inversion of configuration reacts hundreds of times 
faster than the endo-isomer. This reaction is an example of transannular electrophilic 
displacement at a saturated carbon atom.!+5188 The same reaction was studied in 
the bicyclo[2:2:2]oct-2-ene-5-boronic acid series.1®° 

Photodeborination has been observed with ferrocene boronic acid and pyridine 
boronic acids.1°° Treatment of benzeneboronic acid with chlorosulphonic acid 
yielded only diphenyl sulphone.?°? 


Mechanism of Deborinations 


Oxidation of benzeneboronic acids with hydrogen peroxide has been investigated 
as an electrophilic displacement of the B(OH). group.?’1°° 


RB(OH),. + HO, 2" 5 ROH + B(ONa)s3 
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This reaction is considered to be a good model for S;2 reactions since no change of 
mechanism occurs when the group R is varied. The ions HOO~ and H3O/ are the 
oxidizing species, not molecular hydrogen peroxide. Oxidation with chromic acid 
is more sensitive to structure and sometimes gives rise to ketones.®° Brominolysis 
of arylboronic acids gives a o; correlation.°® 

A possible radical pathway is proposed when phenylboronic acid in pyridine 
solution is treated with ethyl a-acetylcinnamic ester AcC(MCHPh)CO-Et in the 
presence of a copper derivative of ethyl acetylacetate AcCH,CO2Et to produce 
AcCH(CHPh,)CO.2Et. In this case phenylboronic acid or triphenylborane(3) is 
used as the source of phenyl radical.®? Deborination of alkylboronic acids, RB(OH)., 
with ammoniacal silver nitrate gave the hydrocarbon R-R, but the species RH is 
obtained with arylboronic acids.’ ?11 Evidence has been obtained for radical dis- 
placement of aryl and alkyl groups of boronic anhydrides.?°? The auto-oxidation 
of 1-phenylethylboronic acid shows a marked induction period in the presence of 
free-radical inhibitors such as galvinoxyl. This is taken as evidence of a free-radical 
chain process rather than the usually assumed polar cyclic mechanism. The free- 
radical nature of auto-oxidation of boron compounds has been reviewed?®° and 
the suggested mechanism is: 


Initiation: Production of R-, accomplished with free radical initiators 
Propagation: R:+0O2,— ROz: 

RO.:+RB— RO.B+R: 
Termination: R:(RO.2:)+R-:(RO2:) —— non-radical products 


Deborination of benzylboronic acid with tartaric acid in deuterium oxide was 
found to lead to incorporation of deuterium in the phenyl ring as well as at the 
benzyl! position. This was attributed ?*° to activation of the aromatic ring by hyper- 
conjugation involving the boron-carbon bond: 


(HO)2B—CH, a4 pa Be isdecdior ado acid 


ree een + CsH4DCH.2D + C.H4DCH2B(OD)2 


Optically active 1-phenylethaneboronic esters are deborinated with retention of 
configuration by trimethylamine oxide and octanoic acid and with net inversion 
by sodium deuteroxide.17° Alkeneboronic acids undergo f- elimination reactions 
during bromination?: 


es Br 


RCH,CH=CHB(OH), —25 RCH,—CHY- CH—B(OH), —> RCH,CH=CHBr 


COMPATIBLE REACTIONS 


Such a variety of reagents cause deborination that it might be considered that the 
B(OH)2 group is too labile for other reactions to be carried out in its presence. 
However, most of the reagents involved may also be used under mild conditions to 
effect a variety of reactions without disturbing the B(OH). function. For instance, 
aromatic boronic acids have been halogenated successfully with chlorine or bromine 
in acetic acid and with dioxane dibromide complex. Iodine or iodine monochloride 
has also been used, but these reagents usually lead to electrophilic substitution of 
the boron portion.®® °% 77> 129,204 Side-chain brominations with N-bromosuccin- 
imide or bromine gave both the mono- and di-brominated products. This procedure, 
followed by hydrolysis of the bromine function, was used to prepare o- and p- 
formylboronic acids.® 14% 155-173, 191,202 The 9-bromomethyl derivative was used to 
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prepare the corresponding cyanomethyl compound by reaction on an ion-exchange 
column, Amberlite IRA 400, in the cyanide form?5> 18°: 


B(OH). B(OH) 
CHO 


CHO 


A procedure was developed for the chlorination of the methyl group of methane- 
boronic acid derivatives using tert-butyl hypochlorite and the pyridine complex of 
the boronic acid.1° 

Permanganate oxidations are carried out under mild conditions to avoid both 
ring opening and deborination.!*? 2°*: 22° This reagent was used to oxidize a borono- 
sulphide in the preparation of 2-boronobenzyl methyl sulphoxide.1®° Fischer 


esterifications, hydrogen reductions, and acetylation of amines are also compat- 
ible 165, 204, 209. 


B(OH)2 B(OH)2 B(OH)2 
KMnO, CH;0H 
ed 
HCl 
NO. NO, NO; 
CH3 COOH COOCH3 
B(OH). 
He 
Raney Ni 
NHe 
COOH 


In addition carboxylic acids may be converted to the corresponding acid chlorides 
with phosphorus pentachloride and these may be reacted with amines or sodium 
azide to yield the boronic acid-amines or azides.?°* 2° Curtius rearrangements 7°* 2°9, 
acid hydrolysis of amides?°°, diazotizations® 1*:7°9, Michael condensations with 
nitromethane+91, and cyanohydrin formation19! have been used successfully. A 
malonic ester condensation followed by acid hydrolysis and decarboxylation was 
used to prepare both the 2- and the 4-boronopheny]! alanine *®* 17*: 191; 


(HO)>B rad (u0),3-(_))—cH.cricoon 


NH2 
Set CORM 


NHe 


The addition of nitrile oxides to acetylene boronic acid gave isoxazoleboronic 
acids *°*: 
CeHs 


/ 
C,H;C=N— 0 + HC=CB(OH), — NO B(OH). 


The dibutyl ester of acetylene boronic acid was treated with ethyl diazoacetate 
and diphenyldiazomethane to obtain, after hydrolysis, heterocyclic pyrazole boronic 
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acids.°® 18° Radical-induced additions to the double bonds of alkeneboronic acids 
have been carried out with bromine, hydrogen sulphide, and alkylthiols.+°° 24+ 
Polymers and co-polymers of vinylboronic acids are formed in the presence of 
free-radical initiators.’7? In some cases these unsaturated boronic acids are polymer- 
ized to give low-density ‘pop-corn’ type polymers. Iodine displacement from iodo- 
methane boronic acid was accomplished with several nucleophilic reagents including 
alkoxides, amines, carbanions and mercaptides. This reaction when applied to 
mercaptopyrimidines resulted in a variety of boron substituted pyrimidines.1® 

Aromatic boronic acids undergo nitration in acetic anhydride?®’, concentrated 
sulphuric acid °® 26" or fuming nitric acid?°*, and the resulting nitroboronic acids 
may be catalytically reduced to give amino-boronic acids.?°* 2°% 267 These may be 
diazotized and converted to phenolic boronic acids or to boron-containing azo 
dyes.® 14 

Sulphonation was carried out in pure sulphuric acid to give the meta-substituted 
product, which was very hygroscopic, and was isolated as the sodium salt.® 


Biological Effects of Boronic Acids 


Aryl boronic acids were found to be slightly toxic to rats and mice; 0-tolyl boronic 
acid was the most toxic of the group examined.?° These materials are eliminated in 
the urine as boric acid and the parent aryl compound or its phenol analogue.?** 
The LDs» for benzeneboronic acid fed to rats has been determined as 560 mg kg~+.?°° 

Aryl boronic acids have a root-growth-promoting effect on wheat, which involves 
cell elongation and not cell multiplication. In this, benzeneboronic acid was the 
best of 24 compounds tested followed by 4-methoxyphenylboronic acid. Both com- 
pounds increased the root growth by approximately 200° at the effective concentra- 
tion range of 10~* to 10~° M.?%:?1 The effect operates through the formation of 
complexes with polyols. Complexes of this type with sugar units of nucleosides are 
considered to be involved in the biological mechanism of boron as a required trace 
element. The 2’:3’-o-phenylboronate derivatives of the four biologically important 
nucleosides have been prepared and isolated.?”® 1°? 

Benzeneboronic acid stimulates yeast formation by increasing the permeability 
of the cytoplasmic membrane. Boric acid is inactive in this respect.14* This same 
boronic acid stimulates the activity of oxidative enzymes in peas and tomatoes and 
this stimulation results in a change of the morphology of the plants.1®* Abnormal 
flowers grew when this boronic acid was applied to the buds of plants.?* In addi- 
tion, benzeneboronic acid is a cholinesterase inhibitor 2°* 2°’, and n-alkylboronic 
acids reversibly inhibit the enzyme-catalyzed hydrolysis of amides and esters by 
a-chymotrypsin.?** Cotyledon development of young undifferentiated C. persicum 
embryos was inhibited by 2 x 10~* M phenylboronic acid solution.?°° 

Benzene- and p-tolueneboronic acids are condensed with 1:2- and 1:3-diols to 
give dioxaborolanes and dioxaborinanes which are useful as analgesic and tranquil- 
lizing agents.** ®* Benzeneboronic acid has synergistic effects by increasing the normal 
activity of several hypnotics.?* 

As a result of the relationship to p-aminobenzoic acid, V, and sulphonilamide, 
VI, a series of substituted aromatic boronic acids was tested for activity against 
micro-organisms. o-Hydroxymethylbenzeneboronic acid was found to be only 
slightly less active than sulphathiazole and sulphadiazine. p-Aminobenzeneboronic 
acid, VII, was unstable in air and showed even less activity than benzeneboronic 


CO.H SO2NHe B(OH). 
NHg2 NHe NHg2 
Vv VI vil 
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acid.2°” Benzeneboronic acid and the o-, m-, and p-nitro derivatives showed moderate 
bacteriostatic activity against staphylococcus aureus in an order of activity: nitro- 
phenylboronic acids > benzeneboronic acid > boric acid. The corresponding hydroxy- 
benzeneboronic acids were inactive even though phenol and cresol are active.?°° 

Boronic acids and their derivatives have shown activity as chemosterilants for 
house-flies. This activity was enhanced with some esters and amides which release 
the boronic acid in aqueous systems.?2” Benzeneboronic and m-chlorobenzeneboronic 
acid have insecticidal properties. The m-chloro derivative was reported to be as 
effective as DDT on the four species tested.?*° 

In the cancer therapy programme several boronic acids were found to have a 
favourable tumour-to-brain ratio.1>? 2° 


Uses of Boronic Acids 


Some alkaneboronic acids have been offered commercially, and benzeneboronic 
acid was once available?2®, but no large-scale use of these materials has developed.1%° 
Hydrolytic instability and the high cost of manufacturing processes involving 
Grignard reactions are the main reasons for lack of commercial development. 

Alkaneboronic acids were used as oxidation inhibitors in oils 2”: 12% 2% and in gaso- 
line or petroleum spirit; they also retard the formation of residues in gasoline.?%? 
By far the largest application of boronic acids has been for incorporation into 
various polymers with the aim of modifying the polymer characteristics. A polymeric 
film prepared by heating phenylboronic acid and diphenyldihydroxysilane 
was applied to copper plate to give an electrically insulating film.’ Clear, transparent 
films were prepared from the polymer formed by heating benzeneboronic acid with 
1 :6-hexylenedi-isocyanate.® 

Benzenediboronic acids®! with long-chain dihydroxylic alcohols form polymers 
which are reported to produce films and fibres.1” 3*:°1 Polyesters of boric acid and 
alkaneboronic acids prepared as elastomers for neutron shielding were shown to 
have poor hydrolytic and oxidative stability.42 Polymers obtained by first reacting 
p-phenylene or polymethylenediboronic acids with trihydroxy compounds followed 
by condensation with di-isocyanates or di-isothiocyanates are said to possess good 
adhesive properties as well as excellent hydrolytic stability. Mouldable and extrud- 
able polymers with good metal-to-metal binding properties are obtained by modify- 
ing polyethylene and polypropylene with p-vinylphenylboronic acid, p-CH2—CH- 
CsH.B(OH)>2.1!° The dye receptivity of polyvinyl alcohol increases on esterification 
with butaneboronic acid.?°° Polymers stable thermally to 500°C are claimed from 
the condensation of benzenediboronic acid with organotin and organozinc com- 
pounds.?3? 

Boronic and borinic acids and anhydrides of boronic acids are effective as vinyl- 
polymerization catalysts for polar monomers®®’ 128 and as stabilizers for poly- 
olefins.22° Alkane and areneboronic acids and anhydrides are used as stabilizers 
for hydrocarbon polymers to improve their oxidation, heat and light resistance.1?® 
Benzene and p-tolueneboronic acids are condensed with 1:2- and 1:3-diols to give 
dioxaborolanes and dioxaborinanes which are useful as antioxidants in polymers???: 


woe 
cs O i rae 
C.eHs p-CH3C.gH.4 CeHs 


A recent use of boronic acids has been to convert high-boiling or unstable materials 
into cyclic derivatives which can be successfully separated by gas chromatography. 
Suitable derivatives are easily formed with 1:2-diols, 1:3-diols, 1:2-enediols, and 
a-hydroxyamines. n-Butylboronic acid is favoured in this application. Derivatives 
are formed at room temperature in less than 15 min reaction time. The boronic 
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acid derivatives of steroids, fatty acids and glyceryl ethers have been successfully 
examined gas-chromatographically.2°*-4 


BORINIC ACIDS 


Preparation of Borinic Acids 


As with boronic acids the commonest method of preparation of borinic acids is 
via the Grignard reaction; in this case, however, a ratio of two moles of Grignard 
reagent to one of boron compound is required.* % 2% #® 89.279 Bis(2-thienyl)borinic 
acid and phenyl-2-thienyl-borinic acid were prepared in this manner7®: 


OH 
(iso-CsHgO)3B lease | sal 
B 
S S 
L Mgl 
S 
Opreeeston-cate -C4H gO)2B—CgH; CL iv) 


A very small yield of diferrocenylborinic acid was isolated by column chromato- 
graphy as one of the products from the reaction of lithioferrocene with boron tri- 
fluoride etherate.?°° Preparations similar to those discussed for boronic acids in- 
volving hydrolysis or oxidation require the dialkyl- or diarylboron derivatives. An 
example involving both the Grignard and hydrolysis reactions is® °°: 


H20, NH4Cl 
= LOce 


(CH,=CHCH,)2BOH ——2-> 
[(CH,=CHCH,).B],0 


2CH2=—CHCHe2MgBr + BF3 


Since borinic acids are usually liquids, purification is often effected by distillation 
which can result in formation of the anhydride. A more successful isolation and 
purification method involves formation of the amino-ethanol chelated ester dis- 
cussed on p. 804. Purification procedures involving conversion to the ethyleneglycol 
ester have also been discussed.® 

Unsymmetrical borinic acids are obtained by hydrolysis of the corresponding 
chloro-derivative.*® Disproportionation of these compounds would be expected to 
be especially facile: 


CH; nO) 
i 


ae 


Diphenylborinic acid may be isolated as a mixed O by reaction of sodium 
tetraphenylborate with an amino acid.?°” Similarly, reaction of sodium tetraphenyl- 
borate with 8-hydroxyquinoline, 2-aminoethanol, and pyridine-2-carbinol yields 
diphenylborinic acid complexes.1°° +1 Preparation of diphenylborinic acid from 
sodium tetraphenylborate is not as convenient and reliable as the Grignard method 
with ethanolamine isolation.”72 

Dimethylborinic acid was prepared in 75% yield by heating trimethylborane with 
water at 200-220°C. The o-deutero derivative was prepared in the same manner 
using deuterium oxide?*?: 


(CH3)3B sata vame (CH3)2BOH ate CH, 


200-—220°C 
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However, at 310°C the boronic acid system is predominant ??°: 


H20 


(CH3)3B TT (CH3BO)3 + CH3B(OH)2 + [((CHs)2B]20 
90% Eb yA 


Trialkyl boranes may also be oxidized to borinic acids using a 1:1 ratio of amine 
oxides. 18° 

An unusual preparation has been recorded in which triethylborane was treated 
with carbon monoxide and water at 1000-1660 lb in~? to give ethyl(3-hydroxy-3- 
pentyl)borinic acid +®’: 


OH OH 
(C2Hs)sB + HzO + CO ~ypn0cg500 gar? Cas B——-C—CaHs 
C.2Hs5 


Similar reactions were carried out with tri-isobutylborane, tri-n-hexylborane and 
tricyclohexylborane.?°" 


Physical Properties of Borinic Acids 


Many borinic acids are liquids or waxy solids % ®* 14°; however, several crystalline 
aromatic analogues are known.‘ Boiling points reported for liquid borinic acids and 
melting points for solids quoted in Tables I and II are probably those of the anhydrides 
in many cases. 

Vapour-pressure measurements of dimethylborinic acid in n-butane solution indi- 
cate a complex molecular association greater than the simple dimeric or trimeric 
system.?”° The following variation of the vapour pressure with temperature has been 
observed.?*° 


Table VIII.—Vapour Pressure data for Dimethylborinic Acid 


Temperature (°C) 0-4 | 4.6 | 10:5 | 14:5 | 18-0 | 22:0 | 25:3 | 28-6 | 35-0 | 40:9 


torr “bn 36in}.49 70 91 Oct 140.cis 168) 2010 bo28h- |) 377 


The gas phase i.r. spectrum of dimethylborinic acid has the hydroxyl stretching 
frequency at 3675 cm~? which resolves to a triplet at 3682, 3672 and 3662 cm~? in 
a high-resolution instrument; the triplet is attributed to the monomer. A 5-10% 
solution in carbon tetrachloride gave a characteristic hydrogen-bonding pattern 
with two absorptions of 3635 cm™?! (half-width 27 cm~+) and 3375 cm™? (half- 
width ca. 250 cm~?'). The latter—a smooth curve with no fine structure—was as- 
signed to the hydrogen-bonded species.*”° For diferrocenylborinic acid the hydroxy- 
absorption band appears at 3590 cm™? in a nujol null.2%° 

The hydroxyl proton in the n.m.r. spectrum of dimethylborinic acid varies con- 
siderably with temperature and concentration. This behaviour and the broad absorp- 
tion in carbon tetrachloride are characteristic for hydrogen-bonded protons. At 
36°C for the neat liquid, hydroxyl and methyl peaks appear at 1-287 and 9:64 7 
respectively.+”° The n.m.r. spectrum of diferrocenylborinic acid shows the proton 
of the BOH groups at 1:47. The mass spectrum of diferrocenylborinic acid is also 
reported.?°° 

Thermochemical methods were utilized to obtain the standard heat of formation 
of crystalline [(CgsHs)2B]20 as diphenylborinic acid anhydride (—84:0+2:-0 kcal 
mole~*).+4° The value for the free acid, (CgHs)2BOH, was determined using data 
from the hydrolysis of liquid diphenylboron chloride to be —77:4+1:8 kcal 
mole~?.+41»14° The standard heat of formation of dibutylborinic anhydride is given 
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as —212:8+1-3 kcal mole~+, and its standard heat of combustion is —2,839-:7+ 1:1 
kcal mole~11°8 for the reaction?°9: 


[(CaHg)2B]2O0 + 260.(¢) Sree 2H3BO3;(cryst.) a3 15H2O(/) a3 16CO.(g) 


Chemical Properties of Borinic Acids 


Borinic acids as a group are less stable than the boronic acids to air oxidation 
and disproportionation. On storage, a borinic acid tends to form the corresponding 
boronic acid and the hydrocarbon.*’? 212 For stability on storage they are usually 
converted to the ethanolamine ester and then liberated as needed.”? During distilla- 
tion they are readily converted to anhydrides ®® 21? or they disproportionate to form 
trialkylboranes and anhydrides of the corresponding boronic acids?: 


Borinic acids may be oxidized completely to boric acid in air or with hydrogen 
peroxide or the halogens.??2 

Phenyl(2-thienyl)borinic acid and bis(2-thienyl)borinic acid are unstable in air 
and are isolated as the oxidates of 8-hydroxyquinoline. As free acids they tend to 
disproportionate giving benzene and thiophene, respectively, and the corresponding 


boronic acid’®: 
ide bus 
POs peas 
S S S 


Bis-p-dimethylaminophenylborinic acid could only be isolated as its 2-amino- 
ethanol derivative.??° 


[crn 20n Bees (cHo.N-( 2019, + (CHiN) 


Diaryl borinic esters may be converted to salts in basic solution. These salts under- 
go hydrolysis in acid solution to give the borinic acids.* 


iso-C,H,O = 


R.BO-iso-C4H, tw cl Zz" BR2 ’ R= aryl, Z= Na, K, $Ba, NH, 


A. 
HO 


Reactions of Borinic Acids 


Procedures for the preparation of anhydrides and esters of borinic acids resemble 
those used for boronic acids.*:% 5% 7986-212 The major difference is the much 
greater problem of disproportionation with borinic acids. Therefore, considerable 
effort has been exerted in preparing stable derivatives from which the parent 
compounds can be liberated when required. The commonest procedure involves 
conversion to the corresponding aminoethylborinate by reaction of the borinic acid 
with 2-aminoethanol: 


(CsH;)2B0H + HOCH2CH,2NH, — > Or agile 
(CeHs)2By. _CHa 
NH2 


These chelated derivatives are stable towards hydrolysis and air oxidation and 
can be stored for long periods. The free acids can be liberated when needed by 
hydrolysis in aqueous acid.® 72-88 101,161-2 Other amino-alcohol chelated ester 
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derivatives have been prepared from 2-pyridylakkanols7°, ephedrine bases 4+: 129 
and 8-hydroxyquinolines ?®°, e.g., 


harap Vane mane 
(CeHs)2Be (CgHs)oBe -CHCHs3 


*N and N 
S. ag oS 


Other stable chelates are formed from f-ketoesters”°, nitrosophenylhydroxylamine, 
salicylaldehydes and the corresponding azomethines, e.g.1®°, 


2 
(CeHs)2BOH + v 
te Hs)e 


If one of the chelate groups has a labile proton, benzene may be split off and the 
corresponding heterocyclic ring is formed 1®°: 


NHe NH 
+ (CgHs)2B0H —> Ore plCoH 52 aoe, @x BCeHs 
NH. NH. NH 


With heterocyclic nitrogen bases diphenylborinic acid forms co-ordination com- 
pounds which may be used as solid derivatives.?2° 


Uses of Borinic Acids 


Dialkylborinic acids have been reported along with alkylboronic acids as anti- 
knock additives in gasoline when mixed with familiar lead materials.2* These same 
materials plus diphenylborinic acids are also used as ice-preventing agents in jet 
fuels ?°, and as antioxidants in rubber to retard cracking and discoloration due to 
ozone.°?” 

Esters of epoxy alcohols with borinic acids are patented for use as stabilizers in 
vinyl chloride polymers and for making epoxy resins.*°° Similar esters with polyvinyl 
alcohol using dibutylborinic and diphenylborinic acids were used to modify the 
solubility and melting characteristics of the parent polymer. 

An unusual preparation of ketones and alcohols results from the high-pressure 
carbonylation of trialkylboranes which gives hydroxyborinic acids. These are then 
oxidized to give the desired ketones or alcohols which are otherwise difficult to 
make?®’: 

OH OH O 


| 
R= p=— CR) ROH TER*GCER’ 


R” 

Diarylborinic acids were used as analytical reagents in detecting microgram 
quantities of 3-hydroxyflavones and hydroxyphenyl-benzo-8-pyrone coupled with 
u.v. spectroscopy.??% 215 Both 10-boroxanthydrol, VIII, and phenyl-2-thienylborinic 
acid, IX, are specific reagents used in determining the stereochemistry of ephedrine 
and pseudoephedrine.'° 
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allyldimethylanilinium pentaborate, 694, 
696 


alumferroascharite, 601 
alumina 
adsorption of borates by, 433 
aqueous system with boric acid, 330, 599 
in molten borate, 441, 446, 448, 449, 
456, 458, 462, 465 
in molten boric oxide, 200, 202; with 
BaO, 566; with CaO, 602; with 
Li,O, 441, 598; with PbO, 623 
reaction with boron, 216 
aluminium 
boron compounds as corrosion in- 
hibitors for, 310, 431 
in boron minerals, 601 
cation complexes with borate, 420 
aluminium borates 
anhydrous, 597-600; with other cations, 
600-1, 602, 623 
hydrated, 427, 601 
metaborates, 601 
polyborates, 601 
aluminium sulphate, 
boric oxide, 663 
ameghinite, 10, 18, 50 
americium borate, 665 
amine boranes, 194 
amine borates, 300, 694-8 
amines 
ammonium borates substituted with, 
694-9 
complexes with boronic acids, 795 
reactions with borate esters, 712-13 
salts of, with boric acid complexes, 731, 
736, 743, 750, 752 
amino acids, borono (boronophenylala- 
nine), 792, 799 
aminoalcohol borates, 704 
amino boranes, 194 
amino boronic acids, and derivatives, 
778-82 
aminoethyl borinate, 804 


compound with 
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ammines, containing borate, 644-5, 647, 
33 


ammonia 
in boron minerals, 685 
reaction with boric oxide, 198 
solubility of boric acid in, 300 
ammonioborite, 10, 19-20, 50, 685 
synthetic, 686, 688 
ammonium borates 
hydrated, 685-8, pentaborate, 174, 
176, 326, 562, 688-9; with other 
cations, 535, 555-6, 579, 583, 636, 
645, 689-90 
perborates, 680, 690 
substituted, and related compounds, 
694-701 
uses, 690-1 
ammonium sulphate 
in aqueous system with boric acid, 286 
for extraction of boron values from 
minerals, 167 
reaction with borax, 425 
ammonium vanadate, in aqueous system 
with boric acid, 294, 739 
animals, marine: concentration of boron 
by, 77-8 
anodizing: of Al, Ta, Ti and Zr foil, in 
ammonium borate solution, 690-1 


anthraquinones, complexes with boric 
acid, 733, 746 
antibiotics 


polyene macrolide, 
boric acid, 752 
substituted benzene boronic acids as, 
800-1 
antimony borate glass, 661 
antimony oxide, in molten borate, 472 
antimony sulphides 
in aqueous system with Na borates, 435 
in molten boric oxide, 200, 661 
antioxidants, boronic and borinic acid 
derivatives as, 801, 805 
aristarainite, 10, 18, 50 
aromatic compounds 
complexes with boric acid, 731-4, 746; 
nitrogen-containing, “ig 8 
luminescence in boric acid, 308-9, 


complexes. with 


arsenic, in boron minerals, 13, 37-8, 558 
arsenic trioxide 
in molten borate, 442, 446 
in molten boric oxide, 200 
ascharite, 327, 506 
synthetic, 532-3 
see also szaibelyite 
ascorbic acid, complexes with boric 
acid, 690, 730, 743, 746, 748, 751 
atmosphere of earth, boron in, 75-6 
boron/chlorine ratio in, 254 
Auger’s borate, 373-4 
avogadrite, 10, 16, 50 
axinite, 14, 43, 50, 636, 641 
deposits containing, 102, 
112 


103, 104, 


Index 


axinite group of boron minerals, 601 
azoproite, 12, 32, 50, 104 


bakerite, 8, 14, 42, 50, 557 
bandylite, 12, 34, 50, 514 
barium borates, 329 
anhydrous, 565-9; with other cations, 
5 


hydrated, 427, 570-1; 
cations, 571-2 
hypoborate, 336-7 
metaborate, 427, 567; compounds with 
alkaline earth metal metaborates, 
567-8 
barium chloride, in aqueous system with 
boric acid, 297 
barium fluoride, compounds with boric 
oxide, 197 
barium oxide 
in molten borate, 448 
in molten boric oxide, 199, 200, 566, 
597; with other cations, 566-7, 
598 
barium zirconate refractories, 569 
behierite, 12, 33, 50, 92 
benzene boronic acids, 765, 787, 795, 797 
biological effects, 800 
benzyl boronic acid, 790 
berborite, 10, 20, 50, 523 
beryllium, in boron minerals, 523 
beryllium borates 
anhydrous, 521-3; with Ba, 569 
hydrated, 523 
beryllium oxide 
in molten borate, 456, 457, 458 
in molten boric oxide, 199 
reaction with boron, 216 
biringuccite, 10, 17, 50 
synthetic, 374 
bismuth borates, anhydrous, 661-2 
with other cations, 559, 624, 639 
bismuth oxide 
in molten borate, 460, 471, 472 
in molten boric oxide, 200; with BaO, 
566, 661; with PbO, 624 
bonaccordite, 12, 33, 50 
boracites, 13, 34-5, 50, 161, 634 
deposits containing, 114, 115, 161 
synthetic, 537-8, 637, 644, 646 
borane carbonyl, 221, 338-9 
boranes (boron hydrides), 3-4, 109, 197, 
226, 337 
reactions with borate esters, 716 
see also diborane, and Part B, Sections 
B1-B7 
boranilide, 700 
borate ions 
borax, 362 
complex, in melts, 440 
cryoscopy, 441 
distribution of boron between different, 
in borate solutions, 267-8, 271, 
414-17, 419 
kernite, 370 


with other 


Index 


borate ions—cont. 
metaborate, 410 
monoborate, 224, 276, 409, 412, 521 
pentaborate, 372, 376, 557, 696 
perborate, 671, 672, 673, 674 
polyborate, 7, 361-2, 409-10, 540, 547 
polymerization, 270-1 
reactions with hydrogen peroxide, 671 
replace carbonate and sulphate ions in 
crystal lattices, 114 
separation by electrophoresis, 417 
ulexite, 378, 557 
borates 
in minerals, 8, 
(brines) 164—5 
mining, 153-62 
processing, 162-7 
see also alkali metal borates, alkaline 
earth metal borates, and individual 
borates 
_ boratosilicates, 8 
boratosulphates, 663 
boratranes (alkanolamine borates), 698- 
700 
borax (disodium tetraborate decahydrate), 


10-14, 16-38, 103, 


in aqueous system with boric acid and 
Na sulphate, 286-8 
as corrosion inhibitor, 430-1 
crystallization, 364 
dehydration, 362, 364-6, 507-8, (an- 
hydrous) 201, 383-4 
in glasses and glazes, 457 
in mineral wool, 449 
production, 2, 503-5 
reactions, 366-8; with sugars, 422, 745 
solubility, 359, 363-4 
solutions: cryoscopy, 411; pH, 412-14 
borax (tincal), sodium borate mineral, 
10, 17, 50, 110 
in ancient world, 153 
deposits containing, 
118-19, 153 
mining, 153, 155-6, 160 
processing, 162, 166, 504-5; for pro- 
duction of boric acid, 321, 322-4, 
and boric oxide, 174 
‘borax bead’, 470 
borax brine lakes, 115-16, 324—5, 505 
borazines, 194 
borcarite, 13, 37, 50, 538 
boric acid, meta (HBO.), 10 
aqueous solution, 255 
crystallographic forms, 224, 225, 226, 
330 


LADS} Abt 6fadl 7, 


dehydration of orthoboric acid to, 226, 
248-9, 330-1 

esters (trialkoxyboroxines), 703, 706, 
709-10; reactions, 712,713,714, 716 

gaseous, 245, 246, 247 

mineral containing, 16 

physical properties, 241, 243, 245-7 

reaction with dimethylformamide, 300 

spectra, 234-7, 238, 239, 240, 241 
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structure (three forms), 228-32 

in system of boric oxide with water, 
196, 224-6, 250 

boric acid, ortho (boracic acid, H;BOs), 

10, 224 

adsorbents for, 304-8 

aqueous solutions, (with acids) 271-9, 
(with inorganic salts) 281, 284-99, 
(with organic compounds) 299; 
ionization, 259-71; solubility, 
254-9, 359, (added salts and 
solubility) 279-81, 281-3 

in atmosphere, 75 

dehydration: to boric oxide, 171-2; to 
metaboric acid, 226, 248-9, 330-1 

determination: colorimetric, 311, 734, 
747; by distribution equilibria with 
alcohols, 411; polarographic, 746 

esters: compounds with amines, 698; 
preparation, 686, 689, 703; re- 
actions, 711-17; uses, 717-18 

heat of neutralization, 410 

luminescence of some organic mole- 
cules in, 308-9, 311 

in minerals, 16, 821 

non-aqueous solutions, 300-1 

from oxidation of hypoboric acid, 337 

physical properties, 237, 241-4; vapour 
pressure, 245, 248-54 

preparation of pure, 321, 329-30 

production, 2, 156, 163-4, 167, 321-9, 
430, 529, 553 

production of borax from, 504 


reactions, 310-11, 651, 686; with 
boron, 218 

solvent extraction from aqueous solu- 
tion, 301-4 


spectra, 233, 234-7, 240 
structure, 227-8, 232-4 
in system of boric oxide with water, 
195-6, 224-6, 248-54 
boric acid, tetra-, 260 
boric acid coordination compounds (an- 
ionic complexes), 721-4 
with alcohols, 724-6, with aromatic 
compounds, 731-7, with inorganic 
ligands, 738-9, with saccharides, 
729, with sugars and_= sugar 
alcohols, 726-9, with various 
natural products, 730-1 
biological properties, 749 
chemical properties, 748 
physical properties: ionization effects, 
739-42; optical and spectroscopic, 
745-8; solution, 742-5 
thermal stability, 748-9 
uses, 749-52 
boric oxide (boric anhydride, 
trioxide, B2O3) 
boron content of minerals given as 
amount of, 162 
in chemical formulae, 224 
chemical properties, 194—9 
elecrochemical reactions, 203 


boron 


814. 


boric oxide—cont. 
physical properties, 176-80, 182-6; 
density, 174-6; vapour pressure, 
180-2 
production, 2, 170; crystalline, « and 
8, 170-3; vitreous, 171-2, 173-4 
reactions: with alcohols, 703; with 
boron, 216; with metal oxides, 
199-203 
reduction: to boron, 194-5, 203; to 
boron monoxide, 216-17 
structure: crystalline, 192-3; vapour, 
bond energy and bond lengths, 
193-4; vitreous, 186-92 
systems: with oxides, 566-7, 604-6, 
616-17; with water, 195-6, 224-6, 
248-54 
borides, 2, 3, 216, 217, 471 
electrolytic production, 203 
of Mg, sub-boric acids from, 334—5 
borinanes, 707-8 
dioxa-, 708, 711, 794, 800, 801 
borinate, aminoethyl], 804 
borinic acids (dialkyl or diaryl hydroxy- 
boranes), 765-6 
chemical properties, 804—5 
formulae and melting points, 782-7 
physical properties, 803-4 
preparation, 802-3 
uses, 805 
boroarsenates, 425, 558, 661 
boroarsenic acid, 739 
borocitrates, 299, 736, 744 
boroferrites, 460, 634, 639 
borogermanate, 620 
borogluconates, 737, 742, 744, 746, 751, 
aS2 
boroglutarates, 572 
borohydrides, see hydroborates 
borolanes 
dioxa-, 794, 800, 801 ; alkoxy-dioxa-, 712 
hydroxy-, 707; anhydride, 708; -dioxa, 
711 


boromolybdates, 664, 738 
boromolybdic acid, 739, 744 
boromolybdic blue, 428 
boromolybdotungstic acid, 738, 743 
boromucates, 572, 579, 690, 744 
boron, 2 
combustion in oxygen, 170, 178 
determination, 120 
green flame colour, 2, 194 
high migration capacity, in lithosphere, 
90, 113, 120 
insertion into silicates, 7, 90, 97 
as member of L group of elements, 73, 
74 


occurrence, 72-3; in atmosphere, 75-6; 
in hydrosphere, 76-89; in litho- 
sphere, 89-109; in space, 73-5 

production, from boric oxide, 194, 195, 
203 

reactions: with oxides, 216; with water, 
329, 337 


Index 


world production and consumption of 
compounds of, 82 
boron acetate, 299 
‘boron (boric oxide) anomaly’, in physical 
properties of borate glasses and 
melts, 437, 440 
boron arsenate, 660-1 
boron belts of the earth, 82, 85, 111, 
112 
boron carbide, 3, 170, 195, 216, 217 
boron cycle, 72-3 
boron dioxide (BO.2), 195, 198 
responsible for green flame colour 
with boron compounds, 194 
boron fluoride, 196, 197 
see also boron trifluoride 
boron halides, 3 
boron hydrides, see boranes 
boron isotopes (*°B, 7?1B), 4 
ratios of, in minerals, meteorites, and 
sea water, 109-11 
separation of; on ion-exchange resins, 
306; by zone-melting, 172 
boron minerals, 2, 7-9 
arranged alphabetically, 50-1, 
chemically, 10-13 
crystallographic, physical and optical 
properties, 8-9, 16-49 
‘electrokinetic index’, 164 
geological concentrations: endogenetic, 
90, 111-12; exogenetic, 113; halo- 
genetic, 113-15; volcanogenetic, 
115-19 
mining, 2; in Argentina and Chile, 117, 
119, 160-1; in Kashmir and Tibet, 
115-16, 153; in Turkey, 118, 119, 
157-60; in USA, 116, 118, 119, 
153-7; in USSR, East Europe, 
and Far East, 111, 116, 161-2 
processing, 162, 164-7; calcination, 
162-3; flotation, 163-4 
removal from brines, 165 
solution mining, 164 
synonymy, 51-4 
boron monoxide (BO),, 195, 215-16 
chemical properties, 220-2 
physical properties and structure (two 
forms), 218-20 
production, 216-18 
boron nitride, 3, 198, 458 
boron oxychloride, oxyfluoride, 196 
boron phlogopite (Mg borosilicate), 538 
boron phosphate, 199, 276, 659 
as catalyst, 654, 655-8 
chemical properties, 653-4 
physical properties and structure, 653 
production, 651-3 
uses, 658-9 
boron phosphide, 652, 654 
boron suboxides (B20, BOs, 
B,302), 214-15 
for (BO),, see boron monoxide 
boron tetrahydrogensulphate ion, 275, 
276, 663 


and 


B.O, 


Index 


boron tetrahydrogensulphate ion—cont. 
polymers with borate ions, 276, 277, 278 
boron tribromide, 339, 705 
boron trichloride, 3, 109, 178, 196, 197 
amine complexes, 712 
reactions, 222, 339, 652-3, 705 
boron trifluoride, 3, 109, 195, 196, 197 
dialcoholates, 714 
boron trihalides 
borate esters from, 704—5 
reactions with boroxine, 339 
boron tri(hydrogensulphate), 663 
boron tungstate, 665 
boron vanadates, 662 
boronic acids (alkyl or aryl dihydroxy- 
boranes), 765-6 
anhydrides of substituted, see boroxines 
biological effects, 800-1 
chemical properties, 790-3, 798-800; 
deborination, 795-8; preparation 
of derivatives, 793-5 
formulae and melting points: alkyl and 
unsubstituted aryl, 768-9; amino 
and derivatives, 778-82; di- and 
tetra-, 769-71; heterocyclic, 783-6; 
substituted aryl, 772-7; transition 
metal complexes, 782-3; vinyl, 
771-2 
physical properties, 768, 787; spectra, 
787-90 
polymers of derivatives, 800, 801 
production, 766-8 
uses, 801-2 
boro-oxalate complexes, 299 
boropentaerythritol, 558 
borophosphates, 520, 537, 659, 662 
borophosphoric acid, 194, 659, 739 
borosilicates, 7, 538, 540, 542-4, 569, 571, 
628 
glasses, 4, 450, 470, 616; with Pb, 622, 
623-4 


in minerals, 8, 9, 14-15, 39-49, 90, 97, 
99, 103, 113 
borosiloxanes, 794 
borotartrates, 424, 749 
of alkaline earth metals, 521, 538, 558, 
565, 571-2, 578-9, 736, 742 
of Mn, 636, 736 
borotrihydroxyglutarates, 565, 583, 636 
borotungstates, 516, 569, 665, 738, 739, 
744, 751 
borotungstic acid, 664-5, 738, 739, 744, 
151. 752 
borotungstovanadic acid, 738, 739, 743 
borovanadates, 442, 582, 624, 638, 643, 
662, 690 
borovanadotungstic acid, 665 
boroxines, 194, 221, 337-9, 793 
hydroxy-, trihydroxy-, 339-40 
triethyl-, triphenyl-, 520 
boroxole ring, 409 
in boric oxide, 191-2, 193 
in boron monoxide, 220 
braitschite, 10, 19, 50, 114, 609 
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bromoboracite, 634 
buergerite, 14, 41, 50 
buffers, borates as, 78, 412-17, 691 


cadmium, cation complex with borate, 
420 
cadmium borates 
anhydrous, 579-81; with other cations, 
581-2 
hydrated, 582-3; with other cations, 
428, 583 
metaborate, 582; compound with Ba 
metaborate, 568 
cadmium oxide, in molten boric oxide, 
199; with ZnO, 581 
caesium borates 
anhydrous, 408-9, 509-10 
glasses and melts, 439-40, 445, 446, 
447, 449, 450; liquid-solid phase 
equilibria, 468 
hydrated, 405, 406-8, 436; with other 
cations, 408, 564 
metaborates: anhydrous, 
hydrated, 405-6, 510 
perborate, 680 
caesium oxide, in molten boric oxide, 199, 
200, 408 
cahnite, 13, 37, 50, 104, 558, 542 
calciborite, 11, 24, 50, 104, 538, 542 
calcium 
in boron minerals, 115, 325-6, 537, 
538, 542-5, 601, 686 
cation complex with borate, 420 
calcium borates, 432 
anhydrous, 194, 538-42; with other cat- 
ions, 539-40, 541, 543-5, 569, 600 
hydrated, 426, 545-55; with other 
cations, 403, 427, 535-7, 555-8, 
598, 601, 602, 690 
metaborates, 540; compound with Ba 
metaborate, 568; hydrated, 548-9 
perborate, 681-2 
calcium chloride, in aqueous system with 
boric acid, 296-7, 299 
calcium nitrate, in aqueous system with 
boric acid and Mg nitrate, 284, 
285-6 
calcium oxide, in molten boric oxide, 199, 
200; with Al,O3, 602 
cappelenite, 15, 46, 50, 92 
carboborite, 13, 37, 50, 538 
carbon: reduction by, of molten borates, 
457, and boric oxide, 195, 216-17 
carbon dioxide 
dissolved in molten boric oxide, 202 
reactions with borates, 167, 323, 326, 
329, 429 
carbon monoxide: reactions with borates, 
368, boron, 170, and boroxine, 338 
carbonates 
of alkali metals, reactions with borates, 
457 


408, 425; 


in boron minerals, 13, 37, 538 
in molten borate, 462 
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carbonyl compounds, complexes with 
boric acid, 723, 734 
carboranes, 4; see also Part B, Section B8 
carboxylic acids 
complexes with boric acid: di-, 734, 
743; hydroxy-, 723, 734-7, 740-1, 
743, 747, 751-2 
reactions with borate esters, 714 
caryocerite, 15, 44, 50, 92 
catechols 
complexes with boric acid, 731, 732, 
743, 746, 751 
di-esters with boronic acid, 794 
cellulose, complexes with boric acid, 729 
ceramics 
borax glaze for (ancient China), 153 
boron compounds in, 3, 4, 198, 658 
cerium borates, 607, 609 
cerium oxides, in molten boric oxide, 200 
chambersite, 13, 35, 50, 114 
synthetic, 634 
charcoal, as adsorbent for boric acid, 
306, 432-3 
chelkarite, 13, 35, 50, 114 . 
chlorides, in boron minerals, see boracites 
chlorine: reactions with borate esters, 
714, and boric oxide, 196 
chloroboracites, 634 
chloroboroxines, mono-, di- and tri-, 339 
choline borate, 695 
chromates, in molten borate, 465 
chromium borate, 664 
chromium ions, in molten borate, 470, 
471 


chromium trioxide 
in aqueous system with boric acid, 
278-9, 280, 330 
in molten borate, 458, 460, 468, 470, 471 
in molten boric acid, 200; with PbO, 
624 
citric acid 
complexes with boric acid, 299, 736, 


744 
solubility of borate glasses in, 454 
coal, boron in, 105-6 
cobalt 
cation complexes with borate, 420 
ions, in molten borate, 470 
cobalt borates 
anhydrous, 641-3; with other cations, 
458, 607, 639, 643-4 
hydrated, 644; with other cations, 644— 
645, 690 
cobalt oxide 
in molten borate, 442, 458 
in molten boric oxide, 199, 641-2 
colemanite, 11, 26, 50, 110 
deposits containing, 114, 115, 117-18, 
119 


mining, 153, 155, 156, 157, 158, 160, 161 
processing, 162, 163, 164, 166, 167 
production from: of borax, 166, 505-6; 

of boric acid, 167, 325-6, 328 
synthetic, 552-3 
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congolite, 13, 35, 50 
copper 
borates as corrosion inhibitors for, 431 
in boron mineral, 514 
ions, in molten borate, 442, 471, 536 
copper borates 
anhydrous, 514-15 
hydrated, 428, 515-16, 620 
copper oxides: in molten boric oxide, 199, 
200; with PbO, 624 
corrosion of metals, boron compounds 
as inhibitors of, 430-1, 695, 749, 
751 
corundum, solubility in borax solutions, 
431 


curcumin, coloured reaction product with 
boric acid, 734, 747 
cyclohexylamine borates, 695, 696 


danburite, 14, 42-3, 50, 558 
deposits containing, 103, 104, 112, 114, 
120 


mining and processing, 161, 162, 164 
datolite, 14, 41-2, 50, 110, 558 
deposits containing, 97, 103, 104, 105, 
112, 120 
mining, 112, 113, 162 
processing, 163, 164, 167 
production from: of borax, 506; of 
boric acid, 327, 329 
datolite group of boron minerals, 14, 41, 
50 


detergents 
biologically degradable, 718 
Na perborate in, 681 
dialkyl and diaryl hydroxyboranes, see 
boronic acids 
diborane, 178 
preparation: by decomposition of 
boroxine, 337, 339; by hydro- 
genation of boric acid, 194, 195, 
310, 458, of boron monoxide, 221, 
or of trimethoxy-borane or -borox- 
ine, 716 
diborides, 216 
diboron, tetrahydroxy, see hypoboric acid 
diboron, tetramethoxy, 336 
diboron compounds, 336 
tetrachloride, 218, 222, 336 
tetradimethylamide, 336 
tetrafluoride, 222 
diboron oxide tetra-acetate, 634, 639 
diboronic acids, 769-70, 787 
diethyl ether, distribution of boric acid 
between water and, 303-4, 305 
diferrocenylboronic acid, 803 
dihalogenoboranes, 339 
dihydroxyboranes, alkyl and aryl, see 
boronic acids 
dimethyl borinic acid, 802, 803 
dimethylformamide 
magnesium borate including, 532 
reactions: with boric acid, 300-1; with 
NH, pentaborate, 689 
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diols, complexes with boric acid, 724-5, 
726, 743, 747 
diphenylborinic acid, 802, 805 
anhydride, 803-4 
dravite, 14, 39-40, 50, 102 
dulcitol, complexes with boric acid, 727, 
749, 752 
dumortierite, 7, 15, 48, 50, 97, 601, 641 
deposits containing, 92, 102 
dysprosium borates, 459, 609 


elbaite, 14, 39, SO 
electrolysis 
of borate melts, 471 
of borate solutions, 430 
electrophoresis, separation of borate ions 
by, 417 
enzymes 
boronic acids and, 800 
complexes with boric acid, 730, 749, 
Ta2, 
erbium borates, 459 
ericaite, 13, 35, 50, 114, 537 
erythritol : 
complex with boric acid, 421 
penta-, complexes with boric acid, 725; 
salts of, 558, 725—6, 742, 743 
erythromycin, complex with boric acid, 
esters 
of boric acid: compounds with amines, 
698; production, 703-11; reac- 
tions, 711-17; uses, 717-18 
of boronic acid, 794 
ethoxyborophosphoric acids, 652 
ettringite, 601 
europium borates, 459, 608; with Sr, 
559 


ezcurrite, 10, 17-18, 50 
synthetic (Suhr’s Na borate), 372, 373 


fabianite, 11, 26, 50, 114, 552 
synthetic, 546 
ferroaxinite, 14, 50 
ferrucite, 10, 16, 50 
flavones, flavonols; complexes with boric 
acid, 730-1, 747 
fluoborite, 13, 34, 50, 538 
deposits containing, 103, 104, 112, 114 
fluorenyltrimethyl ammonium penta- 
borate, 696 
fluorine 
in boron minerals, 16 
reaction with boric oxide, 196 
fluoroborates, 3, 8, 10, 16, 367, 385, 425 
fluoroboric acid, dihydroxy-, 652 
formamide, reaction with boric acids, 
300-1 
Friedel-Crafts reaction, 
esters, 715 
frolovite, 11, 25, 50, 104, 548, 549 


with borate 


gadolinite, 8, 14, 50, 92 
gadolinium borates, 459, 608, 609 
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gallic acid, reaction with borax, 425 

gallium borates, 609-10 

gallium oxide, in molten borate, 458, 462, 
465 

garrelsite, 8, 14, 39, 50, 97 

gaudefroyite, 13, 37, 50, 557 

germanium oxide 

in molten borate, 442, 444, 446, 471-2, 

620 


in molten boric oxide, 620 
ginorite, 12, 27-8, 50, 114 
synthetic, 546, 550, 555 
glass fibre, colemanite for manufacture 
of, 156, 158 
glasses 
borates in, 457 
boron phosphate in, 658 
borosilicate, see under borosilicates 
structure: alkali metal borates, 437-41; 
boric oxide, 186—92 
gluconic acid, complex with boric acid, 
737, 742, 744, 746, 751, 752 
glucose, complex with boric acid, 729, 
743, 745-6, 748 
glutaric acid, complex with boric acid, 572 
glyceroborate, 751 
glyceroboric acid, 420 
glycerol: boric acid complexes with, 
420-1, 725, 748, 751; salts of, 
725, 743 
glycol borates, 368, 424, 717 
biborates, 706, 708-9, 711, 717, 718 
glycols, complexes with boric acid, 724, 
725, 740, 741, 746, 750, 751 
glycosides, complexes with boric acid, 
730, 743 
glyoxals, complexes with boric acid, 734 
gowerite, 11, 27, 50 
synthetic, 546, 551, 555 
grandidierite, 7, 15, 46-7, 50, 92, 97, 601, 
641 


guanidine and guanidinium borates, 694, 
guanosine, gelation in system with boric 
acid, 744 


hafnium borates, 619, 620 
halides, in molten borate, 461, 463-4 
halogenation, of aromatic boronic acids, 
798 
halogenoborates, of alkaline earth metals, 
561, 569, 582 
halogens 
in boron minerals, 12-13, 33-6 
reactions with boric oxide, 196-7 
halurgite, 11, 22, 50, 114, 530 
hamburgite, 10, 20, 50, 92, 110 
synthetic, 523 
harkerite, 7, 15, 44, 50, 97, 104, 112, 601 
heidornite, 13, 38, 50, 114 
hellandite, 15, 45, 50, 92 
heterocyclic boronic and borinic acids, 
783-6 
hilgardite, 13, 36, 50, 114, 557 
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holmium borates, 459, 559, 609 

holtite, 8, 15, 48-9, 50 

-homilite, 14, 42, 50, 641 

howlite, 8, 13, 39, 50, 97, 110, 114, 157, 
557 

hulsite, 33, 50, 104, 112, 527, 620 

hungchaoite, 11, 22, 50, 530 

hyalotekite, 8, 15, 49, 50 

hydrazine borates, 697, 701 

hydroboracite, 11, 23, 50, 110 

deposits containing, 114, 119, 157, 160, 

161 


processing, 164, 326, 327, 328, 506 
synthetic, 535-7 
hydroborates (borohydrates) 
of alkaline earth metals, 520 
of Na, 4, 194, 385; alcoholysis of, 703, 
706 
hydrocarbons: air oxidation of, in 
presence of boric acid, 321, 716, 
Lee 
hydrochlorborite, 13, 35, 50 
hydrochloric acid 
in aqueous system with boric acid, 278 
for extraction of boron values from 
minerals, 167 
solubility of borate glasses in, 453, 454 
solvent extraction of boric acid in 
presence of, 302, 304, 305, 306 
hydrofluoric acid 
reaction with borax, 425 
solvent extraction of boric acid in 
presence of, 306 
hydrogen peroxide, reaction with borates, 
hydroperoxides, reactions with borate 
esters, 717 
hydroxyboranes, dialkyl and diaryl, see 
borinic acids 
hydroxyborinic acids, 805 
hydroxyboroxine, 194, 339-40 
hypoboric acid (tetrahydroxydiboron), 
336-7 
dehydration to boron monoxide, 216, 
217-18, 221 


illite (clay mica) sediments 
boron adsorbed from sea water into, 
76, 77, 93, 95, 100 
paleosalinity of sea estimated from 
boron in, 77, 92-3 
selectively adsorb ?°B isotope, 111 
inderborite, 11, 23, 50, 114 
synthetic, 535-7 
inderite, 11, 21, 50, 110, 114 
synthetic, 533-4 — 
indium borates, 609-10 
inyoite, 11, 27, 50, 110, 435 
deposits containing, 114, 117, 119, 157, 
160, 161 
processing, 162, 326, 328 
synthetic, 426-7, 554 
iodoboracite, 634 
ion-exchange resins, boron-specific, 304-8 
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adsorption on: of boric acid, 701; of 
boric acid complexes, 742 
in preparation of boric acid, 323, 326, 
327, 328, 329-30 
reaction with Ca borates, 547 
for recovery of boron values from 
solution, 165, 330, 433 
iron 
in boron minerals, 111, 641 
cation complexes with borate, 420 
ions, in molten borate, 470 
passivation by borate, 431 
removal from borate solutions, 433 
iron borates (ferrous and ferric), 111, 201, 


anhydrous, 637-9, with other cations, 
527, 639, 643, 644, 646 
hydrated, 639-41 
iron oxide 
adsorption of borate on, 432 
in aqueous systems with boric oxide, 
199, 200, 201-2, 330 
in molten borate, 442, 450, 458, 460, 
466, 468 
in molten boric oxide; with BaO, 566; 
with PbO, 624 
isoamyl alcohol, distribution of boric 
acid between water and, 302, 304 
effect of hydrochloric acid on, 302, 
304, 305 
ivanovite, 13, 34, 50, 114 


jeremejevite, 12, 29-30, 50, 601 
synthetic, 598-9 

jimboite, 12, 30-1, 50, 104, 112, 117 
synthetic, 634 

johachidolite, 12, 29, 50, 557, 601 


kaliborite, 11, 22, 50, 114, 115, 397, 554 
synthetic, 535 

kernite, 10, 16-17, 50, 110, 365, 367, 368 
deposits containing, 119 
mining, 154, 155 
processing, 163, 166, 504—5, 506—7 
synthetic, 370-2 

kornerupine, 8, 15, 47-8, 50, 92, 102, 527, 

601, 641 

korzhinskite, 11, 24, 50, 104, 112, 548 

kotoite, 10, 20-1, 50, 110 
deposits containing, 104, 112 
processing, 328, 506 
synthetic, 526 

kurchatovite, 11, 23, 50, 104, 117, 527, 

537, 634 

synthetic, 533 

kurgantaite, 12, 28, 50, 114 

kurnakovite, 11, 22, 50, 114, 116 
synthetic, 533-4 


lactic acid, complex with boric acid, 742, 
746, 747 
lactoflavin, complex with boric acid, 


lagonite, 641 
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lanthanide (rare earth) borates, 600-1 
anhydrous, 602-5; with Ga, 610 
hydrated, 609 

lanthanide salts, of boric étid complexes 

with hydroxy compounds, 725, 
736, 737 
lanthanum borates 
anhydrous, 459, 605-7; with other 
cations, 559, 569, 643 
hydrated, 609 
lanthanum oxide, in molten boric oxide, 
200 

larderellite, 10, 19, 50, 685 
synthetic, 687-8 

lead, cation complexes with borate, 420 

lead borates, 428 
anhydrous, 621-3, 626-7, with other 

cations, 577, 600, 623-5, 627-8 
hydrated, 628-9 

lead oxide 

in molten borate, 449, 460, 471, 621-2; 
with Nb2Os, 624, 625; with SiO.; 
623, 624 

in molten boric oxide, 200 
leucosphenite, 15, 49, 50, 92 
lithium, in molten borate, 442 
lithium borates 
anhydrous, 348-51, 356; with other 
cations, 458, 526-7, 576, 581, 599, 
610, 634 

aqueous systems, phase equilibria, 344, 
433- 

glasses and melts, 440-9 passim, 450, 
623; liquid-solid phase equilibria, 
461-3 


hydrated, 344, 346-8; with other 
cations, 434 
metaborates: complex with mannitol 


and Ca chloride, 421; hydrated, 
344-6; molten and vapour, 454-5, 
456, 458; in solution, 411, 458 
perborates, 679, 682 
production, 502 
lithium fluoride, compounds with boric 
oxide, 197 
lithium oxide, in molten boric oxide, 199, 
200; with BaO, 566; with PbO, 
623; phase equilibria, 348 
ludwigite, 12, 32, 50, 527 
deposits containing, 103, 104, 105, 112, 
161 


ludwigite group of boron minerals, 638, 
641 


luminescence 
of aromatic molecules in boric acid, 
309-10, 311 
of borates: of alkaline earth metals, 
§20,°523, 539; 558, 55950568, 574; 
576, 580-1; of lanthanides, 600-1 ; 
of yttrium, 605 
of boron minerals, 9 
of boron phosphate, 658-9 
lineburgite, 13, 38, 50, 114 
synthetic, 537 
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lutetium borates, 459, 609 


magma of earth, primordial source of 
boron, 72, 73, 84, 90 
boron in metamorphic rocks derived 
from, 100, 103, 105 
magnesium 
in boron minerals, 111, 113, 114, 115, 
327-8, 537, 538 
reduction of boric oxide by, 195 
magnesium borates, 114 
anhydrous, 523-6; with other cations, 
526-7, 534, 569, 600, 639, 643 
containing other anions, 537-8 
hydrated, 426, 428, 527-35; with other 
cations, 536-7, 636, 690 
hypoborate, 336-7 
metaborate, 529; compound with Ba 
metaborate, 568 
magnesium boride, 195 
sub-boric acids from, 334-5 
magnesium chloride 
adsorption of borate on, 432 
in aqueous system with boric acid, 296 
and distribution of boric acid between 
organic solvents and water, 302-3, 
304, 306 
magnesium dihydrogen phosphate, in 
aqueoussystem with boric acid, 294 
magnesium hydroxide, adsorbent for 
borate, 432 
magnesium nitrate, in aqueous system 
with boric acid and Ca nitrate, 
284, 285-6 
magnesium oxide 
adsorbent for boric acid, 165, 306-7, 
329, 505 
in molten borate, 446, 456, 457, 458, 
462 
in molten boric oxide, 199, 200, 202; 
with BaO, 566 
reactions: with boron, 216; with boric 
oxide, 199 
magnesium sulphate 
in aqueous systems with boric acid, 
288 (and K sulphate), 290, 292, 
(and Na sulphate) 289, 290, (and 
sulphuric acid) 290, 291, 292, 327 
malic acid, complex with boric acid, 735, 
746, 747 
manandonite, 14, 39, 50, 92 
manganaxinite, 14, 43, 50 
manganese 
in boron minerals, 111, 634, 636 
ions, in molten borate, 470 
manganese borates 
anhydrous, 633-4; with other cations, 
634 
hydrated, 428, 634-5; 
cations, 635-6, 690 
metaborates, 634—5 
manganese boride, 195 
manganese oxide, in molten boric oxide, 
199, 633 


with other 
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mannitol, complexes of 
with boric acid, 420, 421-2, 718, 727, 
728-9, 743, 744-5, 752 
with boronic acids, 790 
with hypoboric acid, 336 
meallisterite, 11, 23, 50, 531 
melanocerite, 15, 44, 50, 92 
mercury borates, 583 
metaborates 
of alkali metals, 411, 440 
of alkaline earth metals, 521 
see also under individual metals 
metaborite, 10, 16, 50, 114 
metal hydrides, reaction with borate 
esters, 716 
metal ions, in borate glasses, 450, 470-1 
metal ores, boron associated with deposits 
of, 113 
metal oxides 
in molten borates, 458-61 
in molten boric oxide, 199-203 
meteorites, boron in, 74, 75 
isotope ratio, 111 
methanol, reactions with borates, 368 
methoxyborates, 368, 399 
methyl borate, 109, 167, 368, 703 
meyerhofferite, 11, 26-7, 50, 157, 555 
synthetic, 550, 553-4 
molybdates, complexes with boric acid, 
664, 738 
molybdenum oxide 
in molten borate, 445, 448, 449, 456, 
459, 471-2 
in molten boric acid, 200, 664; with 
PbO, 624 
moon, boron on, 74, 75 
mucic acid, complexes with boric acid, 
572, 579, 690, 744 


naphthalenes, complexes with boric acid, 
napthoquinones, complexes with boric 
acid, 733, 746 
nasinite, 10, it; 50 
synthetic (Auger’ s Na genes 373-4 
neodymium borates, 459, 559, 607 
nickel 
cation complexes with borate, 420 
ions, in molten borate, 470 
passivation by borate, 431 
nickel borates 
anhydrous, 645-6; with other cations, 
639, 646 
hydrated, 428, 646-7; with NH4, 690 
nickel oxide 
in molten borate, 442, 458, 460-1, 466, 
468, 471 
in molten boric acid, 199 
nifontovite, 11, 25, 50, 104, 112, 548 
niobium borates, 662 
niobium oxide 
in molten borate, 460, 466 
in molten boric oxide, with PbO, 624, 
625 


Index 


nitric acid 
in aqueous system with boric acid, 271, 
272 


reaction with borax, 425 
solubility of boric oxide in, 198 
solvent extraction of boric acid in 
presence of, 306 
nitriles, boron phosphate as catalyst in 
preparation of, 655 
nitroboronic acids, 800 
nitrogen-containing compounds, 
plexes with boric acid, 737-8 
nitrophenoxyethoxyborane, 708 
nobleite, 11, 27, 50, 551 
synthetic, 546, 550 
nordenskidldine, 12, 33, 50, 92, 104 
synthetic, 527, 544, 620 
nucleosides 
complexes with boric acid, 730 
esters with boronic acid, 794 
phenyl boronic derivatives, 800 
nucleotides, complexes with boric acid, 
730 


com- 


olshanskyite, 11, 24, 50, 104 

organoboron compounds, yield boric 
oxide on combustion, 170 

organometallic compounds, reactions 
with borate esters, 716 

orthopinakiolite, 12, 30, 50, 104, 112 

oxalic acid, complexes with boric acid, 
299, 734, 742 


painite, 8, 15, 46, 50 
paleosalinity 
and boron content of coal, 106 
estimated from boron content of 
illite, 77, 92-3 
pandermite, 110, 157, 325, 505 
synthetic, 426, 546, 551, 555 
parahilgardite, 13, 36, 50, 114, 557 
pegmatites, boron in, 90, 92 
pentaborane, 182, 341, 716; see also 
Part B, Section BS 
pentahydroborite, 11, 25, 50 
synthetic, 549 
perborates (peroxyborates), 429-30, 671- 
80 


analysis, 680-1 
chemical properties, 677-9 
of Na, 674-7; and other metals, 679-80 
structure, 673-4 
uses, 681-2 
perchloric acid, solvent extraction of 
boric acid in presence of, 306 
peroxyboranes, 710-11 
petroleum, boron in components of, 
106-7 
pharmaceuticals, use of boron compounds 
in, 752, 800 
phenols, di- and poly-: complexes with 
boric acid, 723, 731, 740 
phenylboronic acid, 790, 794, 798 
phenylmercuric borate, 583 


Index 


phosphate 
in boron minerals, 13, 38 
in molten borate, 461, 464—5, 468 
phosphoric acid 
in aqueous system with boric acid, 276, 
278 


tetraborohypo-, 659 
see also borophosphoric acid 
phosphorus pentoxide, reaction with 
boric oxide, 199 
pinacol, complexes with boric acid, 724, 
743 


pinakiolite, 12, 30, 50, 104, 634 
pinnoite, 11, 21, 50, 114 
synthetic, 426, 529, 530 
piperidine pentaborate, 694 
piperidinium pentaborate, 697 
plagioclase, collector of boron in rocks, 
plants 
analysis of, in prospecting for boron 
deposits, 120 
availability of boron for, 107 
boron essential for, 4 
boronic acid effects on, 800 
concentration of boron by, 77 
maximum boron content tolerated by, 
78, 79, 85 
platinum electrode, in molten borate 
systems, 472 
polyborates, 710 
polyolborate anion, 721 
polyols 
complexes with boric acid, 420-4, 
740; containing amines, 698 
reactions with boric acid and oxide, 
706-8 
solubility of Pb borates in, 623 
solvent extraction of borates by, 324-5, 
424, 432, 505 
polysiloxanes: reaction with boric acid, 
yields ‘bouncing putties’, 311 
polysulphatoborates, 663 
polyvinyl alcohol, complexes with boric 
acid, 725, 726, 750, 752 
gelation, 423-4, 744 
potassium borates 
anhydrous, 397-9; with other cations, 
559 
glasses and melts: liquid-solid phase 
equilibria, 466-8; see also under 
alkali metal borates 
hydrated, 387-8, 390-6, 436; with 
other cations, 396-7, 427, 435-6, 
535, 557, 564, 571, 578, 583, 635-6 
metaborates: anhydrous, 397;  hy- 
drated, 389-90; in molten borate 
with K_ chloride, 469; solutions, 
411, 413, 425; volatilization and 
vapour pressure, 454—5 
perborates, 674, 679-80 
production, 509 
potassium chloride 
in aqueous systems with boric acid, 
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295, (and K borate) 291, 298, (and 
K sulphate) 290, 295, 296 
in molten borate, 441 
potassium dihydration phosphate, in 
aqueous system with boric acid, 
294, 298 
potassium fluoride 
in aqueous system with boric acid, 294 
in molten borate, 441 
potassium nitrate; in aqueous systems 
with boric acid, 281, 283-4 
potassium oxide, in molten boric oxide, 
199, 200, 397 
potassium sulphate: in aqueous systems 
with boric acid, 290, 293, 294, (and 
K chloride) 290, 295, 296, (and 
Mg sulphate) 290 
powerite, 636 
praseodymium borates, 459, 607 
preobrazhenskite, 11, 22, 50, 114, 534 
priceite, 11, 26, 50, 110, 166, 555 
deposits containing, 114, 118, 157 
probertite, 10, 18-19, 50, 114, 379 
synthetic, 549, 556 
promethium borates, 607 
pyridoxine (vitamin Bg), complex with 
boric acid, 730, 752 
pyrimidines, boron-substituted, 800 
pyrogallol, complex with boric acid, 732-3 


quartz, solubility in borax solutions, 431 


reedmergnerite, 41, 50 
rhodizite, 10, 20, 50, 92, 601 
riboflavin (vitamin Bz), complex with 
boric acid, 730, 743 
rivadavite, 10, 18, 50, 379, 535 
rocks, boron in 
igneous, 89-92 
metamorphic, 96-105 
sedimentary, 92-5; see also sediments 
rosocyanin, coloured product of boric 
acid and curcumin, 734, 747 
roweite, 12, 31, 50, 537 
rubidium borates 
anhydrous, 403-5 
glasses and melts, 439, 440, 445, 447; 
liquid-solid phase equilibria, 468 
hydrated, 400, 401-3, 436; with other 
cations, 403, 564 
metaborates: anhydrous, 403;  hy- 
drated, 400-1; solution, 425 
perborate, 674 
production, 509 
rubidium chloride, in aqueous system 
with boric acid, 295-6 
rubidium oxide, in molten boric oxide, 
199, 200, 403 


saccharic acid, complex with boric acid, 
744, 746, 751 
saccharides, oligo- and poly-, complexes 
with boric acid, 432, 729, 750 
gelation, 744 
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sakhaite, 13, 37, 50, 104, 112, 538 
salicylic acid, complex with boric acid, 
720, 732,,783y F435 7514-752 

optical properties, 746, 747 
saligenin, complex with boric acid, 752 
salts, inorganic 
aqueous systems with boric acid, 281, 
284-99 
borates, and crystallization of, 431 
and heat of solution of boric acid, 256 
and ionization of boric acid, 261-5, 
269 
and phenolphthalein end-point in 
titration of boric acid, 420 
and solubility of boric acid in water, 
279-80, 281-3 
samarium borates, 459, 607-8; with other 
cations, 559, 643 
santite, 10, 19, 50 
sapphirine, 97, 102, 527, 601, 641 
sassolite, 10, 16, 50, 110, 115, 153 
satimolite, 12, 34, 50, 114, 601 
sborgite, 10, 18, 50, 377 
scandium borate, 602, 603, 605 
sea water 
boron evaporated from, 75 
boron in, now and in the past, 76-7, 
82 


boron in sediments from, 113-15 
enriched in 1B isotope, 111 
recovery of boron from, 165, 432 
seamanite, 13, 38, 50, 636 
searlesite, 14, 41, 50, 114, 116 
sediments, boron in 
lakes, 117-19 
marine, 113-15 
playa, 116-17, 162 
serendibite, 7, 15, 46, 50, 104, 112, 527, 
601 
sibirskite, 11, 24, 51, 104, 112 
synthetic, 541, 546, 552 
silanols, reaction with borate esters, 716 
silica 
in boron minerals, see borosilicates 
in molten borate, 441, 449, 456, 457, 
458, 459, 466, 470 
in molten boric oxide, 198-9, 616-17; 
with BaO, 566, 567; with PbO, 
623, 624; with ZnO, 573 
solubility in borax solutions, 431 
silicates, boron substitution for silicon 
in, 7, 90, 97 
silicoborates, see borosilicates 
silver, cation complex with borate, 420 
silver borate, 429, 516-17 
silver oxide 
in molten borate, 448, 458 
reaction with boric oxide, 199 
sinhalite, 12, 29, 51, 104, 112, 527, 601 
sodium, reaction with unsymmetrical 
borate esters, 715-16 
sodium borates, 115 
anhydrous, 281-2, 383-7; with other 
cations, 600, 610, 623, 627 
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aqueous systems: phase equilibria and 
solubility, 279, 352-5, 356-7, 359, 
434-6 
glasses and melts: liquid-liquid phase 
equilibria, 468-9; liquid-—solid 
phase equilibria, 463-7; see also 
under alkali metal borates 
hydrated, 358, 370-8, 434 (see also 
borax, tincalconite); with other 
cations, 378-9, 434-6, 535, 556, 
564, 627 
metaborates: anhydrous « and 
382-3; hydrated, 358-61; reaction 
with Na phosphate, 426; solu- 
tions, 359, 411, 417; as solvent, 
458; volatilization and vapour 
pressure, 454—5 
perborates, 2, 429-30 
production, 503-9 
sodium bromide, in aqueous system with 
boric acid, 297 
sodium chloride 
in aqueous systems with boric acid, 
294, (and Na borate) 291, 297, 
(and Na sulphate) 291, 295, 296 
borates and crystallization of, 431 
and ionization of boric acid, 261, 262, 
263, 266 
in molten borate, 441 
sodium dihydrogen phosphate, in aque- 
ous system with boric acid, 293, 
294 
sodium fluoride 
in aqueous system with boric acid, 


in molten borate, 441 
sodium nitrate, in aqueous system with 
boric acid, 281 
sodium oxide, in molten boric oxide, 199, 
200; with PbO, 623; with SiOz, 470 
sodium sulphate, in aqueous systems with 
boric acid, 286, (and Mg sulphate) 
289, 290, (and Na borate) 286-8, 
322, (and Na chloride) 291, 295, 
296 
soils, boron in, 76, 107-9 
adsorption of boric acid on constitu- 
ents of, 310, 432 
solongoite, 13, 36, 51 
solvents, organic 
extraction of borates from brines by, 
165; using polyols, 324-5, 424, 
432, 505, 750 
extraction of boric acid from aqueous 
solutions by, 301-4, 743 
solubility in: of boric acid, 300-1; of 
boric acid complexes, 750 
sorbitol 
aqueous system with boric acid, 301, 


complexes with boric acid, 422, 726, 
Oeris2 
spencite, 15, 45, 51, 92 
stars, sun and space: boron in, 73-4 


Index 


steels 
boron in, 5, 195 
boron compounds as corrosion in- 
hibitors for, 310, 430-1, 751 
corroded by molten borate, 457 
steroids, hydroxy-: complexes with boric 
acid, 752 
stillwellite, 15, 45, 51, 92, 112 
strontioborite, strontioginorite, 12, 28, 51, 
14 


strontiohilgardite, 13, 36, 51, 114 
strontium borates 
anhydrous, 558-61; with other cations, 
559, 561 
hydrated, 561-4; with other cations, 
379, 403, 427, 564-5 
metaborate, 559-60; compound with 
Ba metaborate, 568 
strontium oxide 
in molten boric oxide, 199, 200 
reaction with boron, 216 
suanite, 10, 21, 51, 104, 112 
synthetic, 525-6 
sub-boric acids, 334-6, 340-2 
see also boroxine, hypoboric acid 
sugar acids, complexes with boric acid, 744 
sugar alcohols 
complexes with boric acid, 726-9, 740 
reaction with boric acid, 707 
sugars 
complexes with boric acid, 422-3, 726-— 
9, 741, 745, 746, 747, 748 
complexes with boronic acids, 794 
separation as borate complexes, 423 
sulphates 
in boron compounds, 537, 663 
in boron minerals, 13, 38, 537 
in molten borate, 461, 463, 464, 468 
sulphatoborates, 520, 569, 582, 661, 663 
sulphatoboric acid, 663 
sulphoborite, 13, 38, 51, 114, 537 
sulphoborinic acids, 800 
sulphur: reactions with borax, 429, and 
boric acid, 197-8 
sulphur trioxide: reactions with boric 
oxide, 198, and K borates, 399 
sulphuric acid 
in aqueous systems with boric acid, 
271-6, 277, (and Mg _ sulphate) 
290, 291, 292, 327 
for extraction of boron values from 
minerals, 166 
reaction with borax, 425 
solutions of boric acid and boric oxide 
in anhydrous, 663 
solvent extraction of boric acid in pre- 
sence of, 306 
sussexite series of boron minerals, 12, 31, 
51, 112, 532, 636 
szaibelyite, 11, 21, 51, 110 
deposits containing, 103, 
112, 114, 115 
synthetic, 532-3 
see also ascharite 


104, 105, 
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tadzhikite, 15, 45-6, 51 
tannins, complexes with boric acid, 368, 
425, 733, 752 
tantalum borate, 662-3 
tantalum oxide, in molten borate, 460 
tartaric acid 
in aqueous systems: with borax, 435; 
with boric acid, 299 
complexes with boric acid, 299, 424, 
735-6, 743, 746, 747 
see also borotartrates 
teeplite, 12, 33, 51, 116 
synthetic, 379 
tellurium oxide, in molten boric oxide, 
664 
terbium borates, 459, 608 
tertschite, 11, 26, 51, 157, 555 
tetra-acetoxydiborate, 709, 711 
tetra-alkoxyborates, 717 
tetrahydroxydiboron, see hypoboric acid 
tetramethoxydiboron, 336 
teruggite, 13, 38, 51 
thallium borates, 429, 610-11 
thallium oxide, in molten boric oxide, 
610 i 
thiamine (vitamin B,), complex with 
boric acid, 730 
thorium borates, 429, 527, 619-20 
thorium oxide 
in molten borate, 460 
in molten boric oxide, 200 
thulium borate, 459 
tienshanite, 15, 49, 51, 92 
tin, in boron mineral, 544, 620 
tin borates 
anhydrous, 620; with other cations, 
527, 569, 581, 634, 639, 643, 646 
hydrated, 620-1 
tin oxide 
in molten borate, 472 
in molten boric oxide, 200 
tincal, see borax 
tincalconite, 10, 17, 51, 116 
‘ synthetic (disodium tetraborate penta- 
hydrate), 368-9; chemical reac- 
tions, 370; dehydration, 163, 366, 
369-70, (anhydrous) 201 ; dehydra- 
tion of borax to, 364—5 
tinzenite, 15, 43-4, 51 
titanium 
in boron minerals, 617 
reaction with boric oxide, 217 
titanium borates, anhydrous, 617-18; 
with other cations, 527, 569, 618, 
622, 624, 646 
titanium carbide, reaction with boric 
oxide, 217 
titanium diboride, 195, 217 
titanium oxides 
in molten borate, 450, 459, 472, 617 
in molten boric oxide, 200; with BaO, 
566; with PbO, 623, 624 
reactions with boron and boron car- 
bide, 216 
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titantourmaline, 617 
tourmaline, 7, 101-2, 110, 538 
deposits containing, 90, 92, 93, 99, 100, 
103, 104, 113 
dispersion haloes of, 120 
processing, 167, 327, 328, 329, 506 
in soil, not available to plants, 107 
tourmaline group of boron minerals, 14, 
39-41, 51, 97 
triacetoxyborane, 704, 709 
trialkanolamine borates, 712 
trialkoxyboranes, 705, 706, 710 
trialkoxyboroxines, see esters, under boric 
acid, meta- 
trialkylboranes, 710, 803, 805 
trialkylborates, see esters, under boric 
acid, ortho- 
trialkylperoxyboranes, 710-11, 717 
triaryloxyboranes, 713 
tributoxyborane, 713, 714-15 
tributoxyboroxine, 713 
tricarboxyboranes, 709 
tricyclohexoxyborane, 717 
triethanolamine borates, 698-9, 700 
triethoxyborane, 716 
triethylborane, 803 
triethyl borate, 652 
trigonomagneborite, see mcallisterite 
trihydroxyboroxine, 340 
trihydroxyglutaric acid, complexes with 
boric acid, 735, 736-7, 743, 744, 
749 


see also borotrihydroxyglutarates 
triisopropanolamine borate, 699, 700 
trimethoxyborane, 703-4, 712, 713, 714, 

716, 717 

trimethoxyboroxine, 714, 716, 717 
trimethylammonium hexaborate, 697 
trimethylborane, 802 
trimethyl borate, 329, 368, 425, 704 
trimethyltin metaborate, 620 
tri-n-propanolamine borate, 699, 712 
tris-acetoxyboroxine, 711 
tris-(2-aminoethyl) borate, 699 
tris(tri-ethylsiloxy)borane, 716 
tritomite, 15, 44-5, 51, 92 
tsilaisite, 14, 40, 51, 102 
tunellite, 12, 29, 51 

synthetic, 562 
tungstates, in molten borate, 461-2, 463, 


tungsten, corroded by molten borate, 457 
tungsten oxides 

in molten borate, 459, 460, 471, 472 

in molten boric oxide, 200; with PbO, 

624 

tungstoborates, see borotungstates 
tungstoboric acid, see borotunstic acid 
tyretskite, 11, 25-6, 51, 114, 555 


ulexite, 10, 19, 51, 110 

deposits containing, 
117-18, 119 

mining, 153, 154, 157, 160-1 


114, 115, 116, 


Index 


processing, 162, 163, 165, 166, 325, 
328, 505-6 
synthetic, 378-9, 426, 554, 555, 556-7 
systems including, 435, 546, 549 
unnamed mineral (borate of Ca and Sr), 
12¢:287 31 
uralborite, 11, 24-5, 51, 104, 112, 548 
uranium oxide, in molten boric oxide, 
200, 665 
urea 
in aqueous system with borate, 436 
and thiourea, in aqueous systems with 
boric acid, 299 
uvite, 14, 40-1, 51, 101 


vanadium ions, in molten borate, 442, 470 
vanadium pentoxide 
in molten borate, 460, 466 
in molten boric oxide, 200, 662, with 
PbO, 624, 628 
veatchite, 12, 28-9, 51, 114, 564 
p-veatchite, 12, 29, 51, 114, 563, 564 
vimsite, 11, 25, 51, 104, 548 
vinyl boronic acids, 771-2 
polymers, 800 
vinylphenyl boronic acid, 801 
vitamins, complexes with boric acid, 730 
volcanoes, boron associated with, 2, 82, 
86, 89, 114, 115-19, 321-2, (igneous 
rocks) 89-92 
volkovskite, 27, 51, 114, 550 
vonsenite, 12, 32-3, 51, 103, 104, 112, 527, 
638 


wardsmithite, 11, 24, 51 
warwickite, 12, 32, 51, 104, 112, 527, 617, 
641 


water 
reaction with borate glasses, 456-7 
solubility of alkali-metal borate glasses 
in, 453-4 
system with boron monoxide, 220 
system with boric oxide, 195-6, 224-6, 
248-54 
waters containing boron 
brines, 2, oilfield brines, 85-7, and 
saline lakes, 87-8 
domestic well water, irrigation water, 
84-5 
ground water, 82, 120 
mineral and spring waters, 82-4, 102-3, 
115 


mud-volcano water, 88 

pore water in sediments, 95-6 

rain and snow, 75-6 

rivers and streams, 78-82 

see also borax lakes, sea water 
wightmanite, 10, 20, 51, 104, 535 


xylitol, complexes with boric acid, 727, 
749 


ytterbium borates, 459, 609 
yttrium, in molten borate, 458-9 


Index 


yttrium borates 
anhydrous, 602, 605; 
cations, 569, 601, 639 
hydrated, 609 
yttrium garnets: aluminium, 605,: 624; 
iron, 458 
yttrium oxide 
in molten borate, 459 
in molten boric oxide, with BaO, 566 


with other 


zinc, cation complex with borate, 420 
zinc borates 
anhydrous, 572-6; with other cations, 
569, 576-7, 581, 622, 627 
hydrated, 429, 577-8; with other 
cations, 578-9 
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zinc oxide 
in molten borate, 442, 465, 471-2 
in molten boric oxide, 199, 200; with 
CdO, 581; with PbO, 623; with 
SiO2, 573 
zirconate, refractories of barium and, 


zirconium borates 
anhydrous, 618-19; with other cations, 
569, 582, 618, 624, 628 
hydrated, 429, 619 
zirconium dioxide 
in molten borate, 458, 459, 460 
in molten boric oxide, 200, 202 
reaction with boron, 216 


itansourmaline, 6L95" 
pre Ge bE Bah Set ei aes maieks ni 
Gasvan,; OOS Rk: NEOLOR EASA, : 
iw ASSO daw 318 ORD. > rit 
stsion tudes oh UM sete ie _ Ue the tid nena oe aed 
durzcsopied Wo Szappze Ue, ienoo1 TERS es i 
; ) re aay : 7 ROB? ity orite, th. 34-5, 
a) rey, o aaaned PANDA uraeiong conic. ini 
is tw (21-218 szworbyrnn __ pease tie st 
Rha Pe BP Sse eae - ares | “an 
aikanoiamine boranRiesest botmbys jn | ibe onergd, diveqabemnag 
koa vhnoran * “oubduuib ow — idl tadourea, bY agoniae” vs 


= 


4 
Mi, Ge be 225 onset odd peSsiowe gt PCOS routtes ABN 70-85% a 
AC mS tm LOEKO ott 03 Ratio fed tj wyite, ‘. 48Ss. SEO MOBS bats 


Tot orenen, 91D gotoéukiv noitaran tori Jas oa nape 


eRe ia pa tiene niet et 


or tention bierabereOd, 466. 7 ce 


' ‘ 
wi 


OMe ow he, ernie Pot nb, im 
nas 7 ’ oy te 2 24 OF a | ere ied 
ibutLonyboranine, 7: veatchite, 12) 2e- 9,59; MAK ‘a 
Pht Bese ines. povemtonte 12) 2 Si at 
Mi vinesite, £1, 25, $4, Hey 
4 “ é av k-4 ce eet © ACH, 74% 
" 'y —w* vyriz x: Bon) 


vipheny! bovonie achc aah tall 
ethvl borate, 65: itamins; ¢ beneath bnitie. 7 
rere epelbortts ¢ > ra¢ ii ¥ sioeense Coren wsstrated ¥ - Fax? 
aba : J rx, Pe alk 
r +340 $6, %, 14, 114 “49;3 atts tt 
Vu A hy * 
invdre cs MCh ie wath ocks}? $9.92 cA ; 
| ek 43, 744, valkovekite, 27, St) 484) 53026 bi 


a a ° 
VvONsE BAe. i, 32 a at, 1a, at) 


623 
7 P 
° i 
, LPP: i. & 
r 9 erusn eatite, a t. a. St 
pepe iat > + \ 
’ nce te. yi ny Lee Si, it 


irimethyiborane, £02 , aaction ith ‘oorane ; TAWA, a} 
mosey! borate T29, A a3, teh sor bHity sy Miai~ et; sy 
senatiovitin sletaborste, 620 . ni 4854” Mens 
rt HORROR ruse t Tak, Gps; ia Sy¥sietn otthy:. bores ic 
rteanetox vAOroxine, 71} setae sel Oth de 19 


-{2-aminesthyl) berate, 699  2de-54* eo, 
imine yiGhony oorane, FIG water ae hole a 
ritoruite, 15;.44-5, 51. 9? ' ek og 
ae in i <4f} < F 4 

om! ¢? 
tine i foig an 4 

‘ Lain. <6 Pm 

*Vatnecix, ~? Baw 

' 


tut aay i ITO orate es 463, 


tui, tmirodert by “uot he vee aS 
ional Pagrus oxides 

Si olltenpbemate So, M60, 401, 472 2 

Sh a Pia tren sind ney 2, Titles bce : 

ads A Py ng i ‘ ae it a sys 


rie et ie iyeias, 
ren Nee he 


a 


Ba) i 


eure a hi 
oo ny 


aa i caine, 
7 ae UY bd { y" ae Wu 
a a mk et A ie is } : 
a vi ae x : * 


‘ 
ae 


Sh 


ie s ne 


TY | | 


31197 00312 7 


oe ; 
¢ 
ae 
Py % 
- > i 
, : 
4) ah : 
ge 4 at 3 
< ae ae 
oe ah : 3 
ae : 
aby 
+ > : 
Rt 
rs 
*. 
Ppa aPa 
us 
By 
i 
- 
ok 
<4 
‘5 


2 
a 

a 

ao 


; is 
Pa) 
sai 
2 ie 
» 5 
a3 
cay 
Fay 
a. 
sy) 


5 ee 
> Be 
oo 
fate % 
A. 
* 
x 
te 
Pap 
Ss 
¥. es 
S 
= 
a 
a 
Ke 3g 
< 


5 

ay 

S: 

: : 
ae 
wy 2 
‘ a 
or 


4 


x 
¥ 
, 

Sat 


os 


* 
“F 
cA 
Se 


me ai 
ue 
ais 
Sess 
Ps Sy ! 
aati 


Nt 
* 
i 


D. it 
Ora Ag 
Sus 
dt 
x : i : 
eee 
» $444 
ae 
sce 
nn 
set 
: ae 
i oF 
25) » 
Sn ; 
» 3 
< 
no 


2% 
ae 
a 


oe 
so 
ae 
< 
- 5 
aon 
sey 
ae 
a 
ors 
oe 
= 
Pe 
ae 
ss : 
Oe 
< = 


ee 


ae soar 
a 
a = 


wo" = 
gee | 
Ss 
nck 
SS 
oy 


e's 

ee 
oy 
: 
oa 


ae 


co 
oe 
: os 

Sas? 

3s oy 
ee 

se = 
Sa : | 
es | 
oe 
oe 

eN 

<S 

ee 

"ss 

= 

~ 

oF 


ow 
See 
sie = 
= 2 
: : 
ee 
= : 
se 
Se 


as 
a 
Is 
4 ; 
%) 
4 
¢ 
s 
A 
xy \ ; : 
Spo : : 
: 3 
| ; si v») 
sa a 
Poe i 
si 44 z 
aD 3 
ee 2 < 
Ae 
5) a 
: sa 
ae 
see : 
sa 
4. 


by 


rs 


* 


52>, 

ah s ‘. 

73 

3 Ds 
i 3 
>; 
r » 
‘ 
ny 


; , 
<i : 
ae 
; seit 
4 ; 
ae 
es 2 
5 
a 
x ae 
2) , 
< y 


iS 5) RAGA, 
45 47524 { AAS, at 
< 44 Ae 
it ; 
ei 
+. A AP aon Pere) 
ak 
bs 
‘4 z 
: ‘¢ 
2 


as 
= 


og 
2 
~ “ : 

Mo 

Ss 

a 

. 

zi : : 
4 | : 
Dy : 
») o 
i By : 
By) : 
a : 
ea 
oe 
oS 
a 
ae i ; 
7, i 
¢ 


oe 
: : 
4 : 
4) : 
; . 
A ; : 
43. ¥ 
: se se i 
| ae : 
| 3 5) 
oe : 
> ae 
: ; att 
4 ae ie 
7 : 3 
: ; De 
; se DSPs 
aes et 
oe a 
Pat | 
- By 


% 

a3 

Pera: 

Sy 
se 
aa 
4. 
PRD 
oP p) 
A$ 
52a y) 
a Pees Hs 
sits 
ae 
% 
ae 
»? 
He 
4 
; 
Pe) i 
i 
M 


4. 
iz 
< 
4, 


4 
5) 
< ; | 
cy. 
ee ; ‘ 
a 
a , 
ae 
i a 
oe 
a3 : 
ae 
+ 
a3 


2 
‘4 
* 
2 
: aly, { 
4) : 
ae 
Ae 4) : 
ee dees 
? : 
: ts 
sae 
P ad 
os 
Pe 
4 
; “a 
qe 
a 
“is 
Pa 
", iy 
< A 
< ‘ 
(S 


3) 
“ é y ie 
os so 
4 oe is 
sis 4 J < 
ve) : at Parnes 
as 
3 Ass 
5 
ots 4 
oy 
4 < 
Ds 
; 4 


° 
a 
ae 


a) 
% 
if 


if 
‘ Hd 
Ds 
i i 
£ {j 


44 
yp 
= 


; 
ap. 
ee 


65, 
Ha 
oe 

< ‘ | 


s 


— 
a we = = > : 


Mi ? } 
a 
; _ 
a 
; | 
; | 
> 
} P 
Hi | 
: 7 | 
/ | ; * ny y 53) 
| Bh at “a 
i : : 
| | | ; i Ges 
po 4 ii oF 
ran | ih i 
: mt i 
| : an Hh ah 
. es . i a 
: Hit a aad i / 
| of . 
| ii af iit Re 
on « 2 ii * isi ne 
5 i a a : 
i a 7: a 
7 2 at i 4 
4 : ae ase 
‘ ie ah i | : 
ue 7 ep s. i » 
dt Y | uy i) ” 
L te 
ee oe , 7h i 
ne i Hh He 
: : He a Bo e 
2 fs i : 
| oy ; , So 35 
_. _ | 
ae 3 ait 34 ae 
< s ‘ O14 ‘ : 
: a > Hod ile 
Ry ae 
_ 4s sie i 
es > a5 5 ae ie / 
Be SF | 
% 
4 
ty id ey 5% as , : 
‘4 | | 
« 57 Ps Hay 55) | : 
92) Hd 4 aa 2 | | 
re eh ; Was 4. ig oe | 
} a a) id) j 4 ha 4 4 ed : 
. By iat 3 4 4 Ps bi 
SF at as it) 2 aes : | 
4 as dah a | | 
sit sas 9s oe i ep . uae : 
ees “is, 4 An ss 5 ies ‘4 
i 7 a i ani4 a ae : 
° Dy Ny ud , ial Oe 
a / | 
3 Hi isa 4 eS , : | | | 
Le 
ds ee id oS | : 
| | 
ee ui; ak : | | 
5) 43 ay i a de 4 ae ae | | 
a “4 4 hig y; ( =f 
fi fd a y 3 8 3 a i : 
; in) es a} a is ; oe y 5 
7 i ig i ia 4 44) ies at é bs: Dp Pe as 4 aes : 
ty i as ee 4 a : : | 
ie ‘ _ “ | 
4 i Hs ao | 
- Le ae ts ; 4 
| 
i iA) 1 é a 4 , ie : 
_ i ae ee % , 
ae od yy is ine ay ae Ps 5 7 4 
. : ; is eS se y 4 4, Nai 4 BS Ay ¢ 
ae a 7) S04 oa iii it Z 4 he ‘Ld a4 
tis ‘ se ies 5 > “ : 
oe fae 74 is Pe é Ay 42 
E a i % ee BS x oP figs aid < 
4g ts a5 Dy) P5 7D na “4 y ai 
Le ce hs op “4 Poy) 
ae 4 . < ce : 
_ es 
‘ > 37) 
‘4 et ye _ : 
_ 
a ie _ ia Wy ‘ 
ais > _ 7) 
ee Bp 4 : } _ Ry, 
: (is 7; 4 
| , _ 
| _ 
: | _ 
: . , _ 4 ‘4 
47, “4 ; _ | 
| _ 
Lite , | 
j _ 
_ 
_ 
| 
2 
He J’ 
ee “ 
‘ 
+ : 
| 
‘ 
_ ‘’ et 
ae 
7 ae S 
_ 4 
_ 
_ 
ee 
ee 
ae 
os 
se 
Ay 


